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" Of making books there is no end; 
and much study is a weariness of the flesh." 
- Ecclesiastes 12,12 
This work is presented at the University of Bergen in order to complete the 
requirements for the dr. scient. degree in physics. 
I have done this study as a member of the LEP /DELPHI group at the De-
partment of Physics in Bergen, the group responsible for the development and 
construction of the Small Angle Tagger (SAT) calorimeter for the LEP experiment 
DELPHI at CERN. The definition of my thesis has undergone some changes since 
I started out way back in 1985 but has now converged into this document, an anal-
ysis of the calorimeter1s performance. This study is based on both experimental 
results and theoretical calculations in the form of computer simulations. 
Most of the work has been done at the Department of Physics, University of 
Bergen, the only exception is the beam tests of the calorimeter which were done 
at CERN. 
A large majority of the figures have been produced using the CERN developed 
PAW program system [1], running on the department's VAX-stations. 
Chapter 1 contains a brief description of the DELPHI detector at LEP in order 
to give the reference frame for this work. 
Chapter 2 describes the construction of the SAT calorimeter. 
Chapter 3 briefly discusses calorimetry and shower development. Energy re-
sponse and resolution are introduced and discussed both in general and for 
the SAT in particular. 
Chapter 4 describes a test of a SAT calorimeter module which was built and 
tested in 1987, and presents the results of this test. 
Chapter 5 describes a method developed to simulate in detail the light transport 
in the calorimeter 1s light guides, and presents the results from this simula-
tion. In order to understand some of the results from Chapter 4 knowledge 
of this light transport was needed. 
Chapter 6 contains a conclusion and some final remarks. 
Appendix A is a report on the 1987 test to appear in Nuclear Instruments and 
Methods in Physics Research {NIM). 
v 
Appendix B is a preprint of the first DELPHI report on zo parameters pub-
lished in Physics Letters B 231 {1989}. 
A complete list of references to other works given throughout the text can be 
found on page 66. 
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Chapter 1 
Introduction and Scope 
"Nature, it seems, is the popular name 
for milliards and milliards and milliards 
of particles playing their infinite game 
of billiards and billiards and billiards." 
- Piet Hein, "Atomyriads", Grooks (1966). 
In the first period of running, which started in August 1989, the Large Electron 
Positron collider, LEP, at CERN will be a z0 factory for precision measurements 
on z 0 parameters and on the standard model. In October 1989 all the four 
experiments reported the first results [2, 3, 4) and [5]. Other interesting physics 
areas are studies of toponium, searches for possible new particles, QCD, 'Y'Y, and 
heavy quark studies. All these areas are discussed in detail in [6]. 
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Figure 1.1: An artists view on DELPHI, uncovering the detectors interior. 
DELPHI (Detector with Lepton, Photon and Hadron Identification) [7], a col-
laboration project with a large number of participating physicists from a variety 
of nations, is one of the four experiments at LEP. Norway is, through the univer-






SAT, detector. The DELPHI detector is shown schematically in Figure 1.1. 
1.1 The Purpose of the SAT 
The luminosity is an important parameter for normalization of the experimental 
results. Both the instantaneous and the integrated luminosity have to be mea-
sured. This can be done by monitoring a process with a well known cross section 
and which is easily identified. Bhabha scattering, e+ e- --+ e+ e-, has these prop-
erties and is used. The resulting e+ e- from this process travel mainly in the 
"forward" and "backward" direction with small angles to the LEP beam axis. A 
Bhabha monitor must thus cover the small polar angles. In DELPHI the SAT 
detector performs this Bhabha monitoring. 
The SAT consists of two identical sets of detectors placed symmetrically 
around the beam collision point. The two arms cover the angular regions close 
to the beam pipe, corresponding to polar angles in the range 44-150 milliradi-
ans. Each arm consists of an electromagnetic calorimeter for electron and photon 
energy measurements, and a track detector that gives a precise position mea-
surement of the incoming electrons. The tracker will, in combination with the 
calorimeter, also discriminate between photons and electrons. The tracker part 
of the SAT is constructed by the Oslo group and the calorimeter by the Bergen 
group. 
The SAT is also important in the tagging of two photon events and in the 
identification of reactions which are serious backgrounds for interesting processes. 
An example is radiative Bhabha scattering, e+ e- --+ e+ e-1, where the final-state 
electrons remain near to the beam pipe. This is the major background to neutrino 
counting through the reaction e+e- --+ z 01--+ vfi/ [8]. 
1.2 Scope 
Two of the most important parameters of a calorimeter are the response to a given 
particle energy and the precision to which it is capable of determining the energy. 
In this work these properties of the SAT calorimeter will be discussed and exper-
imental and simulated results presented. This includes a detailed examination of 
the light collection system. 
" You must keep your goal in sight, 
Labor toward it day and night, 
Then at last arriving there -
You shall be too old to care." 
- Witter Bynner, Wisdom. 
Chapter 2 
The SAT Construction 
" .. a very great effort is required to transform 
scintillating fibres into scintillating fibre detectors. 
This requires a high order of imagination, skill, 
industry and support. Despite the long history of 
scintillators, today's scintillating fibre detectors 
are still truly pioneering devices." 
- T.O. White, NIM A273 (1988) 820-825. 
As mentioned in the previous chapter, the Small Angle Tagger (SAT) of the 
DELPHI detector consists of two identical parts, each one a mirror image of the 
other, on both sides of the e+e- collision point. In this chapter the construction 
of the calorimeter part is briefly described, a more detailed description is in prepa-
ration [9]. Figure 2.1 shows the construction as described below. The tracking 
part of SAT is described in [10]. 
The SAT calorimeter utilizes lead as absorber and scintillating optical fi-
bres [11, 12] as detector material. The scintillating fibres and the lead comprise 
a sandwich construction with the fibres oriented parallel to the LEP beam axis, 
and hence essentially parallel to the incoming particle direction. 
The SAT calorimeters are cylindrical barrels consisting of the calorimeter body 
(the sandwich), the light collection and detection system and the electronics and 
readout system. In order to give the construction rigidity and support, it is built 
into an aluminium housing. For practical reasons each calorimeter is built as two 
separate half barrels. The barrels are positioned with their front ends at distances 
232.5 cm from the collision point, and cover the small angle regions close to the 
beam pipe, corresponding to polar angles in the range 44-150 milliradians. 
The history of practical use of scintillating fibres in high energy particle physics 
is rather short, only a few years. Nevertheless, scintillating fibres have already 
been utilized with success in a variety of detector systems, for vertex recon-
struction [13], particle tracking [14], electromagnetic calorimetry [15] and hadron 
calorimetry [16]. Fibres and applications are under constant development. 
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Half barrel with segmentation. 
Cut normal to the fibres showing the fibre-lead structure. 
Top view of one element with readout system. Different horizontal 
and vertical scales are used. 
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2.1 The Scintillating Fibres 
The scintillating fibres manufactured [17] for the SAT are made of polystyrene, 
and doped with 13 butyl PBD and 0.023 dimethyl POPOP by weight (type 
8101). They are produced with a diameter of 1.00 ± 0.06 mm, and with refractive 
indices of fibre core and cladding giving a critical reflection angle of 67° and a 
trapping efficiency of 43. 
The fibres were delivered (18] glued onto sheets with 80 fibres placed next to 
each other in lengths of about 110 cm. 
2.2 The Calorimeter Body 
The sensitive volume of the calorimeter is composed of 40 cm long cylindrical 
shells of alternating layers of lead and scintillating fibres oriented parallel to the 
cylinder axis, starting at an inner radius of 10.0 cm and ending at 34.5 cm. 
Sheets with fibres were cut in appropriate lengths and glued to lead plates 
of similar dimensions by the use of doublesided adhesive tape. The lead plates 
have a thickness of 0.9 mm, making the total thickness of one layer of lead, tape, 
and fibre in the sandwich equal to 2.0 mm. The fibre/tape/lead layer structure is 
shown in Figure 2.lb. 
The calorimeter body of each halfbarrel is divided into 12 angular sectors, 
each of which is further divided into 12 elements. Each of the 144 elements in a 
halfbarrel is equipped with its own readout channel (see below). The segmentation 
of a halfbarrel is shown in Figure 2.la. The radial segmentation is 3 cm wide, 
except for the two outermost rings, which are 3.2 and 3.3 cm, respectively. 
In Chapter 3 the radiation length of this sandwich is found to be X 0 ~ 1.2 cm. 
The length of the sensitive calorimeter volume is thus ~ 30X0 • 
2.3 Light Transport and Detection 
At the end of the calorimeter body the fibres extend 8 cm beyond the sandwich 
and are bundled together for each element. Depending on the size of the element, 
a bundle contains 450 to 800 fibres. 
The scintillation light collected by the bundles is led into 100 mm long conical 
light guides. The light guides are glued onto the fibre bundles. The transmitted 
scintillation light is subsequently converted to electrical signals by photodiodes. 
The lightsensing diodes used [19] for the calorimeter have a circular active area of 
1 cm2 , and are optically coupled to the light guides by silicon pads. The diodes 
are made of a high resistivity material, have a dark current of 2-10 nA at room 
temperatures, and are tuned to give a quantum efficiency of greater than 80% at 
the peak of the emission spectrum of the scintillator. The diodes are operated 
fully depleted at 30 V. 
6 CHAPTER 2. THE SAT CONSTRUCTION 
2.4 The Electronics Chain and Readout 
The same preamplifier as used by the FEMC group [20] of the DELPHI collabora-
tion was adopted. This preamplifier is commercially available as a single channel 
hybrid [21]. 
The mean equivalent noise measured in the electronic chain is in the region 
of 300-500 electrons increasing to 700-800 electrons with the diode connected. 
The noise is strongly temperature dependent, and may be reduced by appropriate 
cooling of the system. 
The signals from the preamplifiers are shaped and digitized with a sample-
and-hold technique using the same type FASTBUS cards as FEMC, including the 
buffers for the output data. These data are then available for the general DELPHI 
readout system. 
Figure 2.lc shows a top view of a calorimeter element with fibre bundle, light 
guide, photodiode and preamplifier. 
Chapter 3 
Calorimetry 
" By a small sample we may judge of the whole piece." 
- Miguel de Cervantes, Don Quixote (1605-15). 
In high energy physics calorimeters are blocks of material where the energy 
of a particle is degraded, through a showering process, to detectable atomic and 
molecular ionizations and excitations. The main purpose of a calorimeter is to in-
directly measure the particle's energy by detecting the "visible" signals produced 
by the shower, but it can also be used in position and direction measurements. 
In the previous chapter the construction of the SAT calorimeter for DELPHI was 
described in which the detectable output is scintillation light produced in optical 
fibres. In this chapter a brief review of electromagnetic shower and calorime-
ter properties will be given, and in particular some basic properties of the SAT 
calorimeter is discussed. 
3.1 Electromagnetic Showers 
To develop a theory for the evolution of an electron or gamma initiated particle 
shower or cascade in matter is a very difficult task, even when several approxima-
tions are made. The most used such theory is the one given by B. Rossi in [22]. 
In analysing calorimeters these theories are often difficult or even impossible to 
apply, both due to their complexity and to the fact that they only give estimates 
of mean values and ignore shower fluctuations, they are also based on the as-
sumption of a homogeneous medium. In "real-life" one thus has to use Monte 
Carlo (MC) simulations in the analysis of calorimeters. For detailed simulations 
the EGS code system (23] is most frequently used, but the GEANT3 system (24] 
gives more flexibility in simulating complex geometries and is thus widely used to 
simulate entire detector systems. Often the need is simply to simulate a calorime-
ter response to "average" showers ignoring the fluctuations, which is the case in 
the work described in Chapter 5, and a time consuming detailed MC simulation 
can be avoided. One method is to represent the shower by a 3-dimensional energy-
density function and integrate this function numerically over the desired volume. 
In this case the longitudinal and transversal shower profiles are often treated as 
independent. 
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In this section simulated and empirical results will be briefly discussed conclud-
ing by estimating a 3-dimensional shower profile for the SAT calorimeter intended 
for the simulations in Chapter 5. 
3.1.1 Longitudinal Shower Profile 
When distance is expressed in units of radiation lengths X 0 , the longitudinal 
shower profile is almost independent of the material. The radiation length may 
be defined as the distance X 0 over which a high energy electron loses all but a 
fraction 1/e of its energy to Bremsstrahlung, on average, and is a property of the 
material. For a homogeneous monoatomic medium with Z ~ 5 one has [25) 
1 
Xo 
4ar~NAZ2 {In (184.15) .!_In (1194) _ 02 2z2 A z1/3 + z z2/3 1.2 a 
4 4 1.00Ba6 Z 6 } za { } 
+ 1.03690 z - 1 + a 2 Z 2 = 716.405A ' (3.1) 
where a, re and NA are the fine structure constant, the classical electron radius 
and Avogadro's number, and Zand A are the atomic number and weight of the 
medium. With re expressed in cm, X 0 will have the units of g/cm2 • For media 
which are chemical mixtures or compounds, 
(3.2) 
where Wi is the fraction by mass of atoms of type i with radiation length X~. In 
lead and polystyrene scintillator, the two main constituents of the SAT calorime-
ter, Xo is 0.56 cm and 42.4 cm, respectively, where the unit is converted from 
g/ cm2 to cm by dividing by the material density. 
In a shower initiated by a photon of energy E ~ 0.1 GeV, the average number 
of e± with kinetic energy above 1.5 Me V, crossing a plane at a depth oft radiation 
lengths from the beginning of the material, calculated using EGS, can be fitted 
by the empirical formula [25, 26] 
(30t+l 
N = 5.51EVz r(a + l) tae-f3t, (3.3) 
where {3 = 0.634-0.0021Z and for Z ~ 26, a= 2.0-Z/340+(0.664-Z/340) lnE, 
with E given in units of Ge V. The r( a + 1) is the "ordinary" Gamma-function. 
This shows that the material dependency, coupling to Z, is mainly in the scaling 
factor and that the actual profile is only weakly affected by Z. The main Z 
contribution is already contained in Xo. The maximum intensity, Nmax, occurs at 
the depth t = a//3 and is thus logarithmic dependent on the energy. Figure 3.1 
shows the longitudinal profile calculated for showers of different energies in lead, 
Xo = 0.56 cm, in iron, Xo = 1.76 cm, and in polystyrene scintillator, X 0 = 
42.4 cm. 
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Figure 3.1: The longitudinal shower profile calculated from Equation 3.3 for show-
ers of energies 10, 30, 50 and 70 Ge Vin lead, Xo = 0.56 cm, in iron, X 0 = 1. 76 cm, 
and in polystyrene scintillator, X 0 = 42.4 cm. Note the logarithmic x-axis. 
3.1.2 Transversal Shower Profile 
While the longitudinal development of a shower is mainly due to the processes 
Bremsstrahlung and pair production, other processes are responsible for the lateral 
spread [27]. A central core is due to multiple scattering of electrons and a wider 
peripheral part is due to propagation of photons. An appropriate unit for the 
central core, called the Moliere radius RM, is found to be the transversal rms. 
multiple Coulomb-spread of an electron of energy Ee after passing a depth X 0 of 
material, 
(3.4) 
where Ea = 21 MeV and Ee is the electron energy for which the average energy 
loss due to ionization equals the loss due to radiation, called the critical energy 
of the material. It is found that 953 of the total energy is contained within a 
cylinder of radius 2RM around the shower ax.is. In lead Ee ~ 7 .3 Me V yielding 
RM~ 1.6 cm. 
3.1.3 The Small Angle Tagger 
The discussion above holds strictly only for homogeneous media with a well de-
fined radiation length and atomic number, and the formulae can thus not be used 
directly to find parametrisations for showers in the SAT calorimeter. The granu-
larity is on the other hand rather fine, and the need of a fast method for simulating 
showers in the SAT thus justifies an adaption of the formalism to fit the "real" 
conditions. 
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The GEANT3 MC program has been used to simulate showers in the SAT in 
detail, collecting relevant information about the energy deposition in the fibres. 
This information is then used to extract analytic expressions for the longitudinal 
and transversal shower profiles. The simulations are made in a calorimeter with 
parallel fibre and lead planes rather than cylindrical shells. All events are gener-
ated at an angle of 50 milliradians with respect to the fibres, 250 events of 5 GeV 
and 100 events of 50 GeV. In the following the transversal direction "horizontal" 
is parallel to the fibre planes and "vertical" is normal to the planes. 
Estimating the Longitudinal Shower Profile 
The signal produced in the calorimeter is scintillation light. The amount of light 
produced at a depth t is proportional to the deposited energy which in turn is 
proportional to the number of electrons at that depth as given by Equation 3.3. 
This yields 
(3.5) 
The calorimeter consists, by volume, of~ 453 lead with Xbead = 0.56 cm and 
of~ 553 scintillator, glue and air with xf{11xt ? 42 cm. Ignoring the scintillator 
layers in the shower development, this gives as a first approximation an average 
radiation length of xgAT ~ Xbead /0.45 = 1.24 cm. An average value for the 
atomic number Z is more difficult to estimate. Fortunately, X 0 contains most of 
the Z dependency, and Equation 3.5 shows only a weak additional Z dependency, 
and only a rough estimate of Z is thus needed. 
Figure 3.2 shows the average longitudinal energy deposition from simulations 
of showers of 5 and 50 Ge V, 250 and 100 showers respectively. The smooth lines are 
Equation 3.5 calculated for different sets of xgAT and Z, and properly normalized. 
The figure shows that the longitudinal profile, at a fixed X 0 , is nearly insensitive 
to variations in Z and that the best value of xgAT is ~1.1 cm at E = 5 GeV 
and ~1.2 cm at E = 50 GeV. Since the higher energy is the most relevant, the 
parameter set used in Chapter 5 is Z = 75 and xgAT = 1.2 cm. 
Estimating the Transversal Shower Profile 
In a homogeneous medium the transversal shower profile is only dependent on the 
radial distance r from the shower axis and of the depth t in the material. In the 
SAT calorimeter, due to the fibre and lead planes, the profile shape is expected to 
have a more complex transversal dependency than only a pure r dependency. The 
simulations show that the deviations from a pure r dependency are rather small 
and the profile can be approximated to be radial, see Figure 3.3 where the lateral 
spread parallel and normal to the fibre planes are shown to be approximately the 
same. In the actual design with cylindrical shells this will be even better. 
In the SAT a shower is read out by projecting the produced light along the 
fibres, almost parallel to the shower axis, and·the read out system thus "sees" only 
the projected transversal profile, which is dominated by the profile at the shower 
maximum. This simplifies the parametrisation problem since the decoupling of 
the longitudinal and transversal parts by assuming that the shower has the same 
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Figure 3.2: Simulated average longitudinal energy deposition in the SAT calorime-
ter with Equation 3.5 calculated for different sets of xgAT and Z superposed. 
(a) E = 50 GeV, Z = 75 and varying X8AT. 
(b) E = 50 Ge V, X9AT = 1.2 cm and varying Z. 
(c) E = 5 GeV, z = 75 and varying x9AT. 
(d) E = 5 GeV, xgAT = 1.2 cm and varying Z. 
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Figure 3.3: Simulated transversal energy deposition in SAT. The total energy 
deposition is projected onto a plane parallel to and normal to the fibre planes. 
The horizontal projection is parallel to the planes. 
radial dependency at all depths t introduces only a minor error in the calcula-
tions. Figure 3.4 shows the projected radial energy deposition from simulations 
at different energies. The full lines are fits of the function 
(3.6) 
where a1 = 2.12, a2 = 0.207, b1 = (0.418 ± 0.026) cm and b2 = (2.06 ± 0.19) cm. 
The vertical scaling is arbitrary and the interesting information from a1 and a2 is 
thus only their relative magnitude. The radial energy deposition is well described 
by the sum of these two exponentials. 
Three Dimensional Shower Profile 
In the simulations of Chapter 5 the product of€£ and ET as given by Equations 3.5 
and 3.6, with E counted only once, is used to represent a shower in the SAT. The 
actual scaling, giving the magnitude of the integrated signal, is arbitrary and only 
a matter of taste. The representation used is 
t:(t, r) = EL(t) t:T(r) =EA t°'e-(3t (a1e-r/bi + a2e-rfb2 ), (3.7) 
r;:;~ 
where A = v .u r(a+l). 
3.2 Calorimeter Properties 
Two of the most important parameters describing a calorimeter's performance, 
are the energy response SE and the energy resolution <TE/ E: 
3.2. CALORIMETER PROPERTIES 13 
102 102 
,..... E = 20 GeV E = .30 GeV (/) 
:!:::: 









c 0 2 3 4 5 6 0 2 3 4 5 6 (I.) 
0 102 102 
>. 
Ol 
'- E = 40 GeV E = 50 GeV (I.) 
c 
w 








0 2 3 4 5 6 0 1 2 3 4 5 6 
Radial Distance from Shower Axis [cm] 
Figure 3.4: Simulated radial energy deposition in SAT at different energies. The 
full lines are fits of the sum of two exponentials, see the text. 
14 CHAPTER 3. CALORIMETRY 
Response is the output signal from the calorimeter as function of the incident 
particle energy, in the following denoted by SE. 
Resolution is the relative response spread when the input is a well defined par-
ticle energy E, uE/ E =us/SE. 
The main scope of this work is to discuss these properties of the SAT calorimeter. 
In this section some general aspects are reviewed, and some special properties of 
the SAT construction are discussed. 
Calorimeters can be classified into two categories by their construction: 
Homogeneous calorimeters are made of one single material where both shower 
development and signal production are in the ~ame material. Typical ma-
terials are lead glass, NaI and BGO. 1 
Sampling calorimeters are made of alternating layers of passive material or ab-
sorber, for the purpose of shower development, and of active material or 
detector for signal readout. SAT has lead as a.bsorber and scintillating fi-
bres as detector material. 
The same arguments for the energy response holds for: both calorimeter types, but 
the main contribution to the energy resolution is not the same. Since SAT is a 
sampling calorimeter the discussion is limited to this: type. 
3.2.1 Energy Response 
The signal in the detector part of a calorimeter, for instance scintillation light as 
in the SAT, is mainly produced by minimum ionizing particles and is proportional 
to the total track length of such particles in the calorimeter's active medium. In 
sampling calorimeters only a fraction of the total track length is "seen", but this 
fraction is constant and independent of energy and the "seen" track length is thus 
proportional to the total. Calculations, theoretical and MC, show that the total 
track length of a shower is proportional to the energy of the initial particle [27]. 
The response of a calorimeter is thus expected to be proportional to the energy, 
provided that the readout system including light conversion, amplification, digi-
tization and so on is linear . This holds strictly only for calorimeters of infinite 
size, where showers of all energies are fully contained, and holds only for a limited 
energy region in "real life" calorimeters. Figure 3.2 showed that only a negligible 
fraction of the shower leaks out behind the SAT even at energies up to 50 Ge V, 
and the linearity is thus expected to hold up to at least that energy. The mean 
value of the response is thus expected to depend on energy by 
SE= aE + b, (3.8) 
where the term b is introduced to pick up effects as signal loss, bias or baseline 
shifts in the electronic chain or other unknown effects. 
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3.2.2 Energy Resolution 
Due to fluctuations in shower development and signal production as well as fluc-
tuations and noise in the readout system, the calorimeter's response to a well 
defined particle energy is not completely predictable, but has a probability distri-
bution with a mean value SE and a standard deviation us. The energy resolution 
is defined by O'E/ E =us/SE. As already mentioned, several sources contribute to 
O'E/ E, but fortunately a few of them dominate. The electronic noise can be mea-
sured separately by reading out the calorimeter with zero input, see Chapter 4, 
and is thus ignored in the following. 
Energy Dependency through Sampling Fluctuations 
In a sampling calorimeter one of the main contributions is the fluctuation in the 
number of particle crossings of the detector layers, called sampling fluctuations. 
Theoretical calculations [27] predict an energy dependent contribution given by 
d/ J E[ Ge VJ where dis a function of the absorber material and thickness, in good 
agreement with experimental and MC data (28}. 
Energy Independent Term 
In addition to the energy dependent contribution, the sampling term, several ef-
fects give energy independent contributions. In the SAT calorimeter two of the 
major ones are longitudinal shower fluctuations in combination with light atten-
uation in the fibres, and nonuniform light collection due to the light guides. The 
latter one is discussed in detail in Chapter 5, and only the results are summarized 
here. 
As light travels in a fibre it is attenuated as function of the travelled distance 
z. This attenuation can to first order be assumed to be exponential, 
(3.9) 
where I(z) is the intensity after a distance z and Aatt is the attenuation length. In 
a module test, described in Chapter 4, Aatt was found to be Aatt ~ 140 cm. The 
intensity is thus reduced by 1 % after a distance of 1.4 cm, and shower fluctuations 
parallel to the fibres of this order will thus introduce a 1 % contribution to u E / E. 
In general, fluctuations resulting in a spread 6.z in the z position of the centre of 
gravity of the showers will give a contribution to O'E / E given by 
O'S 
SE 
I(z) - I(z + 6.z) - 1 - -t:..zf>.att 
I(z) - e 
6.z 
when 6.z ~ Aatt· 
>-att 
(3.10) 
The main contribution to this is fluctuations in the longitudinal shower prnfi.le 
which in turn are dominated by fluctuations in the depth before the first inter-
action. In a homogeneous medium this is to first order equal to X 0 • Above it 
was found that SAT has an average X0 ~ 1.2 cm which then would give a 0.9% 
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contribution. Due to the geometry with fibre and lead shells, and their highly dif-
ferent X 0 , an additional source to the first interaction fluctuations is introduced: 
does the incident particle hit lead or fibre? Simple MC simulations have been 
made to estimate the fluctuations in the distance to the first interaction, and to 
calculate the contribution this gives to the energy resolution for electrons incident 
at different angles. This contribution Catt is energy independent. Figure 3.5 shows 
the calculated Catt as function of the electron's angle with respect to the fibres. 
The angular dependency is clear with Catt ~ 53 at angles below :::::: 4 milliradians 
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Figure 3.5: Calculated Catt as function of the incident electron's angle with respect 
to the scintillating fibres. Vertical dashed lines indicate the calorimeter's angular 
limits. 
decreasing to ::::::0.83 at higher angles. 
In the simulations a "perfect" geometry with parallel layers are used and the 
small deviations from this in "real life" will help to reduce Catt to some extent. An 
obvious way to reduce Catt is to reduce the longitudinal fluctuations by applying 
a plane of absorber in front of the calorimeter with a thickness of 0.5-lXo, Catt 
will thus be of the order of X0bsorber / Aatt, i.e. less than the value found above. 
It has also been shown [16] that a mirror reflecting the light at the fibre's open 
end, at the calorimeter's front end, will increase the effective Aatt considerably. 
A yellow filter in front of the diodes is also found to increase Aatt· Light with 
short wavelengths, in the blue region, has the smallest Aatt and absorbing this 
light with a yellow filter will thus increase the effective Aatt, on the expense of a 
reduced light yield. 
In Chapter 5 the efficiency variations of the ).ightguides are analysed in de-
tail, and an energy independent contribution Cguide to the energy resolution is 
calculated. An average value Cguide :::::: 0.83 is found in the calorimeter's angular 
region. 
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The different calorimeter elements do not have the same response to equivalent 
energy inputs due to different light yields, light collection efficiency and ampli-
fication in the electronic chain. This introduces another contribution to <TE/ E 
which may appear to be rather big. Fortunately this effect can be reduced by 
applying proper calibration constants to the data, but the task of calibrating all 
the 576 elements is far from trivial. The plan is to run the SAT in DELPHI for 
some time and then use the collected Bhabhas which have a well defined energy 
for calibration. 
In the DELPHI experiment the SAT is placed in an electrically rather noisy 
environment, much worse than any of the test modules have ever been exposed 
to. This may also to some extent degrade the energy resolution. 
Total Energy Resolution 
The discussed contributions to the energy resolution are all independent, giving 
the following expression for the energy resolution 
Jc;tt + c~de + c~ther + (d/VE) 2 
(3.11) 
where c2 = c!tt + c~de + c~ther with Cother containing other possible effects giving 
energy independent contributions. With the values of Catt and Cguidc given above 
and assuming Cother = 0, c ~ v'0.92 + 0.82 % = 1.2% in the angular region of the 
calorimeter. The assumption Cother = 0 depends on how accurate the calibration 
can be done and on the amount of electronic noise. 
Energy Resolution of the Test Module 
In Chapter 4 the construction and test results of a small calorimeter module are 
described. In this module a preliminary version of the light guides was used, and 
the beam size defined by a trigger scintillator, giving other values for Cguide than 
referred above. Figure 5.14 on page 54 shows the calculated values of Cguide, and 
to summarize for the test module c = J c;tt + c~de is plotted as function of the 
incident angle in Figure 3.6. In Figure 4.9 on page 29 these results are compared 
with experimental data and a good agreement is found. 
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Figure 3.6: Geometrical contribution to the test module's energy resolution as 
function of the incident angle. The vertical dashed lines indicate the angular 
limits of the calorimeter. 
Chapter 4 
Results of a Module Test 
"It is a capital mistake to theorize before one has data." 
- Sir Arthur Conan Doyle, "Scandal in Bohemia", 
The Adventures of Sherlock Holmes (1891). 
In 1987 a 45° test module of the SAT calorimeter was built. In September 1987 
this module was exposed to electrons of energies in the range 10-70 GeV in the X7 
beam at CERN. Results from this experimental test are presented in a DELPHI 
report [31] which in revised form is made available as an internal Department of 
Physics report [32] and submitted to NIM1 . Appendix A contains a copy of [32]. 
My main contribution to this work, in addition to participation in planning 
and execution of the test, is the ofHine data analysis. In this chapter this work is 
described in more detail. 
4.1 The Test Module and Experimental Setup 
The test module corresponds to a 45° sector of the four innermost element rings 
of a full SAT calorimeter barrel extending from an inner radius of 10 cm to an 
outer radius of 22 cm, as indicated in Figure 4.la, and with a sandwich length 
of 40 cm. Figure 4.lb shows an end view of the module displaying the element 
numbering referred to below, this view is seen from the beam impact end. The 
module consisted of 12 full sized elements. 
Each of the 12 elements was equipped with a light guide, a light sensitive 
photodiode, and a separate electronic readout chain consisting of preamplifier, 
shaper and ADC. The readout system was of a preliminary design. 
The light guides, of a circular cross-section at the fibre end, were shaped to 
fit the 1 cm2 quadratic active area of the test diodes at the other end, in contrast 
to the circular diodes used in the final calorimeter design. The light guides were 
coupled to the diodes through airgaps of 0.3 mm. This light transport system will 
be discussed in detail in Chapter 5. 
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Figure 4.1: X7 beam layout and experimental setup, including an end view of the 
testmodule with the element numbering used. The SAT calorimeter halfbarrel 
end view indicates the test module. 
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Experimental Setup 
Figure 4.1 shows the experimental setup in the X7 beam at CERN with the 
different items referred to below. 
The module was placed on a horizontal table equipped with remote steering 
of the vertical and horizontal positioning, to a precision of 0.1 mm. In addition, 
the module could be tilted with respect to the beam direction, to obtain similar 
conditions as expected for Bhabha events in the DELPHI experiment. 
The path of the beam particles into the test module was defined by means 
of two sets of multiwire proportional chambers placed 14 m apart, MWPCl and 
MWPC2. These chambers were included in the trigger, together with a scintillator 
placed 43 cm downstream of MWPC2, 9 cm in front of the module. This scintil-
lator had a vertical extension of 15.0 mm and a horizontal extension of 4. 7 mm, 
defining the spatial dimensions of the beams incident on the module front end. 
The online data acquisition and monitoring was performed by means of a 
Norsk Data ND-570 computer. For the triggered events, relevant information 
from the SPS spectrometer's wire chambers and the MWPCs was recorded on 
tape together with the channel numbers from the 12 ADCs. 
4.2 Offiine Data Analysis 
The measured calorimeter response SE to an incident particle, one event, is defined 
as the sum of the twelve ADC readouts applying individual corrections for each 
ADC, 
12 
SE= :L:(:vi - Pi)ai, (4.1) 
i=l 
where :Vi is the ADC readout from element number i, and Pi and ai are the ADC 
pedestals and calibration constants. 
4.2.1 Pedestals, Electronic Noise 
Before digitization the analog signals are superposed on a constant DC level which 
thus is included in the ADC readouts. This bias, named pedestal, has different 
values for each individual ADC and must be subtracted before the data are further 
analysed. In order to measure the pedestals and to make sure that they were stable 
during the experimental period, runs without beam were made and recorded to 
tape several times during the test period. 
These pedestal runs were also used to get a measure of the electronic noise in 
the readout system. Figure 4.2 shows the distribution of the pedestal sum, Psum = 
E~;1 Pi, for a pedestal run with 10 000 events. The solid line is a Gaussian fit to 
the distribution. The standard deviation of this distribution, <Tpcd = 11.5 ADC 
channels, gives a measure of the electronic noise which has to be unfolded when 
the energy resolution of the calorimeter is calculated (see below) and corresponds 
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Figure 4.2: Distribution of the pedestal sum with Gaussian fit superposed. 
4.2.2 Calibration Constants 
The individual amplifiers do not have the same amplification factors and, as shown 
in a later chapter, the different light guides show large variations in light transport 
efficiency. This necessitates individual multiplicative calibration constants for 
each readout element, named ai in Equation 4.1 above. 
In this beam test the calibration constants were obtained by directing a 35 Ge V 
electron beam at the centre of each element and with its direction normal to the 
module's front plane. The individual constants were found by demanding each 
element to give the same mean response to this energy. The arbitrary scaling 
factor was chosen to give a = 1.0. This method clearly has at least two drawbacks: 
• It is sensitive to energy leakage out of the element, small elements will 
thus get too large calibration constants compared to bigger elements which 
contain more of the shower. 
• To reduce the leakage to a minimum the angle between the beam direction 
and the scintillating fibres has to be small, preferentially 0°, which is the 
angular region of the calorimeter giving the largest O"E/ E, see Section 3.2.2 
on page 15ff and Section 4.3.2 on page 28. 
When investigating results from runs with the entrance at the same position near 
an element centre, "wrong" calibration constants are not dangerous since the 
shower is almost completely contained in one or at most two elements. More care 
has to be used when comparing runs from different positions. 
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4.2.3 Beam Resolution, uv/P 
The spread <Tp of the beam energy, or beam momentum p, is embedded in the 
experimental response spread of the calorimeter. Thus <Tp, or better the beam 
resolution <Tp/p, has to be measured and unfolded from the data. In the SPS 
spectrometer's bending magnet the beam is deflected an angle (), see Figure 4.1, 
which yields 
<Tp - ue 
p - (). (4.2) 
The angle () is calculated from the recorded hits in the SPS wire chambers. 
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Figure 4.3: Distribution of the deflection angle () in the bending magnets of the 
SP S spectrometer, (a) 20 Gev electrons and (b) 50 Ge V electrons. 
distributions ue is estimated by: 
<Te = (4.3) 
Figure 4.4 shows uvf Pas function of energy, one datapoint corresponds to the 
triggered events of one run. The energy dependency is clear, uvf P falling from 
0.93 at 10 GeV to 0.73 at 70 GeV. 
4.3 Results 
In order to investigate the calorimeter response, linearity, and energy resolution, 
two different energy scans were made, one with an incident angle of 94 milliradi-
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Figure 4.4: The measured beam resolution <Tp/P of the X7 beam as function of 
energy. Each datapoint corresponds to the triggered events of one run. 
of element number 6. Each scan consisted of the energies 10, 15, 20, 35, 50, 
and 70 GeV. Figures 4.5a and 4.5b show the response distributions obtained with 
Gaussian fits superposed. The distributions are normalized to have the same in-
tegral, and in the fits all events within 3 standard deviations of the peak value 
are included. The distributions are found to fit very nicely to Gaussians. 
Table 4.1 contains the results from the Gaussian fits to the observed response 
distributions, mean value SE, standard deviation <Ts and energy resolution <TE/ E. 
In <TE/ E, electronic noise and beam spread have been unfolded as described be-
low. The number of events in each fit is more than 3 000, except for 15 GeV at 
94 milliradians, which has only 720 events. 
Table 4.1: Energy Response and Resolution. 
Beam Mean value SE Standard div. <Ts Energy resol. <TE/ E 
energy (arb. units] (arb. units] [%] 
[GeV] 94 mrad. 144 mrad. 94 mrad. 144 mrad. 94 mrad. 144 mrad. 
10 250 244 18.6 17.4 4.3 3.8 
15 400 393 20.1 19.4 3.3 3.1 
20 556 551 23.0 22.3 3.0 2.9 
35 1036 1024 29.9 28.4 2.4 2.2 
50 1525 1511 38.5 34.9 2.2 1.9 
70 2181 2167 49.7 45.2 2.0 1.8 
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Figure 4.5: Response of the test module for electron beams of different energies 
and impacts at the centre of element 6. (a) 94 milliradians and (b) 144 milli-
radians with respect to the fibres. The curves are Gaussian fits to the observed 
distributions, normalized to 1000 events. 
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4.3.1 Calorimeter Response, Linearity 
As discussed in Chapter 3 the response of the calorimeter to electromagnetic 
showers is expected to be linear as function of the energy. In Figure 4.6 the 
response SE from Table 4.1 is plotted as function of the beam energy, both for 
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Figure 4.6: Calorimeter response as function of energy with straight line fit, 
(a) 94 milliradians and (b) 144 milliradians incidence. 
SE= aE + b. 
With the energy in units of Ge V, the fits give 
94 milliradians :=;. a= 32.3 ± 0.2 Gev-1 and b = -84 ± 7, 
144 milliradians :=;. a= 32.1 ± 0.2 Gev-1 and b = -88 ± 7, 
in good agreement with each other. 
(4.4) 
In the investigated energy region the data show good linearity, even at the 
highest energies. It is observed that extrapolation of the fitted line to zero energy, 
gives a response corresponding to -2.6 GeV. This undershoot is not understood 
but, as discussed below, corrections are applied to reduce its influence on the 
energy resolution calculations. 
4.3.2 Energy Resolution, <TE/ E 
As discussed in Chapter 3 the energy resolution <TE/'{!) is expected to depend on 
the energy by 
(4.5) 
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where c and dare constants. Both the beam resolution <Tp/P and the electronics 
noise <Tpcd have to be unfolded from the data before a fit is made. The experimental 
energy resolution calculated from one individual run is thus defined by 
Us::::.. upcd _ <Tp • 2 2 ( )2 
s~ P (4.6) 
In Figure 4.7a and 4.7b uE/ E as defined above is plotted as function of energy 
for 94 and 144 milliradians incidence. The full lines are fits of the function defined 
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Figure 4.7: The energy resolution as function of energy with a fit of the function 
of Equation 4.5, (a) 94 milliradians and (b) 144 milliradians incidence. 
by Equation 4.5. With the energy in units of GeV and c and din%, the fits give 
94 milliradians :::} c = 0.97 ± 0.07, d = 15.2 ± 0.2 with x2 = 108, 
144 milliradians :::} c = 0.60 ± 0.05, d = 14.7 ± 0.2 with x2 = 51. 
The rather high values of x2 of the fits indicate that the fits are not very good, 
which is also seen from the figure. The 1/VE dependency of uE/ Eis based on a 
linear calorimeter response with a zero constant term. As seen above the response 
was found to have good linearity but with a constant term b corresponding to 
-2.6 GeV. Assuming this to be a constant energy independent bias, the response 
curve can be "lifted" to zero response at zero energy by subtracting b from the 
response at all energies. This modifies Equation 4.6 to 
UE 
E - (4.7) 
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Figure 4.8: The energy resolution as function of energy with a fit of the function 
of Equation 4.5, (a) 94 milliradians and (b) 144 milliradians incidence. The data 
are corrected for the negative response at zero energy. 
The values for <TE/ E in Table 4.1 on page 24 are calculated from the above equa-
tion and plotted in Figure 4.8 with fits of the function of Equation 4.5 superposed. 
Again, with the energy in units of Ge V and c and d in %, the fits give 
94 milliradians => c = 1.42 ± 0.05, d = 11.7 ± 0.3 with x2 = 15.2, 
144 milliradians => c = 1.16 ± 0.05, d = 11.4 ± 0.3 with x2 = 6.7. 
It is obvious both from the size of x2, and from the plots, that the applied 
correction gives a much better fit to the data. This shows that the calorimeter 
has an energy resolution of 
<TE { Vl.422 +(11.7/JE[GeV])2, 
-[%]= 




The angular dependency seems to be contained in the energy independent term, 
as expected from the discussion in Chapter 3. 
Angular Dependency of <TE/ E. 
In the above discussion it was found that an incidence angle of 94 milliradians gave 
higher <TE/ E values th~n one of 144 milliradians. As discussed in Section 3.2.2 
such a behaviour is expected since smaller angles with respect to the fibres give 
rise to larger fluctuations in the longitudinal shower profile, and in Chapter 5 it is 
shown that inhomogeneous light collection in the light guides also gives an angular 
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dependent contribution. Figure 4.9 shows <TE/ E plotted as function of the beam>s 
incident angle with respect to the fibres for beams of 35 and 50 Ge V. At all angles 
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Figure 4.9: The energy resolution as function of the beam,s angle with respect 
to the fibres. Data from 35 and 50 GeV beams are used. See the text for a 
descriptio1l. of the calculated lines. The vertical dashed lines indicates the angular 
limits of the calorimeter. 
of the calorimeter in the DELPHI detector are indicated on the figure. A clear 
angular dependency is found with <TE/ E ~ 1.8-2.63 in the angular region of the 
calorimeter. 
The full lines on the figure are the calculations of the energy independent 
term c shown in Figure 3.6 on page 18 added to the energy dependent term found 
above, the mean valued= 11.53 is used. The agreement with the experimental 
data is remarkably good. 
4.3.3 The Attenuation Length Aatt in the Scintillating Fibres 
In Chapter 3 it was shown how longitudinal shower fluctuations, in combination 
with an exponential light attenuation in the fibres, contributed to the energy 
independent term c of <TE/ E. 
In order to measure Aatt, the calorimeter was exposed to electron beams of 
E = 20 Ge V incident on the side wall, normal to the scintillating fibres, at different 
distances from the fibre end. The showers were not fully contained in this setup, 
and the response distributions obtained were thus not symmet:dc. In the following 
Aatt is calculated using the most probable value, MPV, of the distributions. The 
MPV is obtained by making a spline fit to the distributions calculating MPV from 
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Figure 4.10: Distributions of the calorimeter's response to 20 GeV electron beams 
entering the calorimeter from the side, normal to the fibres. The distributions are 
normalized to a content of 1000 events. The full lines are fits of splines of degree 3 
and with 10 knots, and the dashed lines indicates the MPV found. 
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fit [33]. Figure 4.10 shows the distributions with the spline fits superposed. 
Figure 4.11 shows the measured I/ Io as function of the light's travelling dis-
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Figure 4.11: Relative intensity, I/ Io, as function of the light's travelling distance 
in the fibres, the most probable values of the distributions are used. A fit of the 
% 
function I/ I0 = e - "att is superposed. 
gives Aatt = 140 ± 7 cm in agreement with results published elsewhere [12, 29, 30]. 
In Chapter 3 this value was used in the calculations of the contribution to O'E/ E. 
4.3.4 Positional Variations of the Response 
The results presented so far, except for the Aatt calculations, were all obtained for 
beams directed towards the centre of element 6. The energy resolution found is 
thus only "valid" for that particular area defined by the trigger scintillator. When 
exposing the entire front plane of the calorimeter, as will be the case in DELPHI, 
any variations in the calorimeter response as function of the incident position will 
add a new and independent term to O'E/ E of Equation 4.5, 
(4.9) 
where Cp is the additional position dependent term. 
Horizontal Position Scan 
In order to investigate the response as function of varying impact position in the 
"horizontal" direction, a series of runs was performed, in which the beam was 
centred on different points along the face of the third element row, elements 3, 
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7 and 11. All the runs had beam with an energy of 35 GeV, and an angle with 
respect to the fibres of 94 milliradians. Figure 4.12 shows the different impact 
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Figure 4.12: Response as function of the beam's impact position on the face of the 
third element row. All runs with 35 Ge V electrons at 94 milliradians incidence. 
maximum at the centre of an element and falls off with ~5% towards the border 
of the neighbouring element. This indicates a contribution to <TE/ E of 2-3%. 
Different Positions near a Vertical Border 
The scintillator used in the trigger to define the beam extension, had a vertical 
size of 15 mm. The distance between adjacent horizontal wires in the chambers 
MWPCl and MWPC2 was 4 mm, allowing to sort events from the same run 
by their vertical position. Figure 4.13 shows the response as function of vertical 
position at the borders between elements 2 and 6, and between elements 6 and 10. 
The events of each run are sorted into four groups by their vertical position, each 
group covers 4 mm. Beams of 50 Ge V electrons at 94 milliradians were used. The 
figure shows a positional response dependency with a 3% drop for the events of 
group a compared to group d, where group a is closest to a four element corner. 
The mean value of the response at these positions is ~1450, which is 95% 
of the results in Table 4.1 (50 GeV at 94 milliradians), a 5% drop in very good 
agreement with the 35 Ge V horizontal scan data above. 
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Figure 4.13: The calorimeter response to 50 GeV electrons incident at 94 millira-
dians at different vertical positions near vertical element borders. 
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Conclusion to Position Scan 
The discussions above revealed variations of the calorimeter's response as a func-
tion of the beam's impact position on the face of an element. These variations are 
of the order of 53 of the total response, and will thus give a substantial contri-
bution to the energy resolution O'E/ E. This will be investigated and discussed in 
more detail in the next chapter, and fortunately this effect is found to be smaller 
in the final design of the calorimeter. 
Chapter 5 
A Study of the Light Guides 
"And God said, Let there be light: and there was light" 
- Genesis 1,3 
" Licht, - mehr Licht!" 
-J. W. von Goethe, Last words, March 22. 1832. 
As discussed in Chapter 4 the energy response is a function of the beam's 
impact position on the calorimeter's front plane. It was found that the response 
has a maximum at the middle of a readout element and falls off with ~53 at 
the border between two elements. This positional dependency of the response 
tends to degrade the overall energy resolution. A variation of 53 indicates an 
independent contribution to the energy resolution <TE/ E of ~2-33, and will thus 
be the dominant effect at energies above 15-30 GeV. At LEP energies of 50-
100 Ge V it will dominate totally the contributions of Equation 4.5. It is therefore 
of great importance to investigate this further, putting special effort on getting 
an answer to the following questions : 
• What is the reason for this effect? 
• Is this effect present on the test module only, or do we have to live with it 
in the final calorimeter too? 
• If the effect is present on the final calorimeter design, how severe is it and 
can it be reduced by offiine corrections? 
Because of the geometrical nature of the effect we have to look for geometrical 
inhomogeneities that can explain it. Possible candidates are: 
• The lead scintillator sandwich 
- In110mogeneous development of the shower 
- Inhomogeneous light production in the fibres 
- Inhomogeneous light transport in the fibres 
• Inhomogeneous light transport through the light guides into the diodes 
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• Inhomogeneous quantum efficiency of the diodes 
The sandwich is built without any segmentation into elements. This segmen-
tation is done outside the sandwich by collecting the fibres into bundles. Any light 
reducing effects in the sandwich will thus have a random position with respect to 
the element borders, and will not give rise to such a regular and periodic effect. 
The diodes have a quantum efficiency that is nearly constant over the active 
area. In addition the light from one single fibre in the sandwich is distributed over 
a large area on the diode's surface and this tends to smear out any inhomogeneities. 
The purpose of the light guides is to transport the light from the scintillating 
fibres into the photodiodes of 1 cm2 area, implying an area reduction of 80-
88%. The light guides are based mainly upon total internal reflection of the light. 
Light that hits the light guide's surface with an incident angle below the critical 
angle will almost totally be transmitted into the air and will not reach the diode. 
Light entering the light guide at different positions and angles, will be reflected 
a variable number of times and with different incident angles. The light guides 
will thus have a light transport efficiency that depends on the light's entrance 
position. This efficiency variations can give rise to a drop in the response at the 
element borders similar to the observed one. 
The most obvious candidate for further investigation is thus the light transport 
from the fibres, through the light guides and into the diodes. 
In this chapter a method to computer simulate this light transport and the 
effect it has on light emerging from showers in the calorimeter is presented to-
gether with results from the simulations. Section 5.2 below is devoted to an 
analysis of the light guides used in the test module, comparing the results with 
the observations from the test, and in Section 5.3 the final light guides used in 
the SAT are analysed. 
5.1 Brief Review of Light Reflection and Refraction 
Before discussing the different light guides, a brief review of reflection and re-
fraction when light enters the interface between two nonconducting media will be 
given, stating an approximation used. The geometry of the situation is described 
by Figure 5.1. The xy-plane makes the border between the two media, medium 1 
at negative z and medium 2 at positive z. The light enters the interface from 
medium 1, with refractive index nl, with an angle of incidence 81. A fraction of 
the light is reflected with an angle of reflection 8~ = 81 and the rest is transmit-
ted into the medium with refractive index n 2 with a refraction angle 82 given by 
Snell's law, cos82 = .J1 - (nifn2)2sin281. The fraction, by intensity, of the light 
that is reflected is called the reflectance R, and the fraction that is transmitted 
is called the transmittance T. The identity R + T = 1 holds for incidence on a 
nonconductor. 
The reflectance R is dependent on n 1 , n 2 and the angle of incidence 81 . In 
addition R is dependent on the direction of polarization with respect to the tan-
gentplane of the interface. This gives rise to different R's, R.i for light with electric 
field vector normal to the plane of incidence and R11 for light with electric field 
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Figure 5.1: Reflection and refraction. The xz-plane is the plane of incidence. E 1 
and E 2 denote the electric field vectors of the light and should not be confused 
with particle energy used elsewhere in this work. 
vector parallel to the plane of incidence. From (34] Rl. and Ru can be expressed 
by 
(5.1) 
Rl. = (5.2) 
With B2 given by Snell's law, Rl. and Ru are expressed entirely in terms of ni, 
n2 and the incident angle Bi. If n2 < ni we get a critical angle Be defined by 
sin Be = n2 / n 1 where Rl. = Ru = 1 whenever B1 > Be. This critical angle is called 
the total internal reflection angle. 
Figure 5.2 shows Rl. and Ru as function of the incident angle B1 at the interface 
between the light guide and air. When the light enters the light guide from 
a scintillating fibre it is unpolarized. At each reflection/transmission it will be 
partly polarized if B1 < Be, because Rl. i= Ru in this region. This will be a 
marginal effect since both Rl. and Ru are small in this region. Since the light 
guides are conical, see below, the plane of incidence will in addition rotate from 
one reflection to the other so each partial polarization is in different directions 
tending to cancel each other. To simplify the calculations R = (Rl. + Ru)/2 was 
thus used as reflectance, in Figure 5.2 R is drawn as a solid line. 
5.2 The Test Light Guides 
Figure 5.3 shows one of the light guides used on the test module. They had conical 
shape with circular cross-section at the light entrance, but were shaped to fit the 
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Figure 5.2: The refl.ectances Ri. and Ru as function of the incident angle 01 at 
the interface between the light guide, nguide = 1.49, and air, nair = 1.0. The solid 









Figure 5.3: Sideview and endview of a light guide with diode used on the test 
module, defining the coordinate system used in the text. 
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1 cm2 quadratic active area of the test diodes. The light guides were coupled to 
the diodes through airgaps of 0.3 mm. The active material of the diodes is for 
protection covered with an epoxy fihn1 with a refractive index nepoxy = 1.564. 
The light guides are made of plexiglass with a refractive index nguide = 1.49. 
Figure 5.4 shows R as a function of 01 for the interfaces present in the test module, 
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Figure 5.4: The reflectance Ras function of the incident angle 01 at the interface 
between the light guide, nguide = 1.49, and air, nair = 1.0, and between air and 
epoxy, nepoxy = 1.564. 
Light guides with four different top diameters in the range 2.4-3.4 cm were 
used, three of each diameter. In the calculations of the test light guides a top 
diameter of 3.2 cm is used when nothing else is said. This is the actual diameter 
used on the elements 3, 7 and 11, towards which the beam was directed in the 
runs that revealed the response drop at the element borders. 
5.2.1 Simulating the Light Transport in the Light Guides 
At the top end the light enters the light guide from the fibres. In these calculations 
the light from one fibre is approximated to be contained in a cone with its axis 
parallel to the fibre axis and with a half opening angle of 23° due to the fibre's total 
internal reflection angle of 67°. The fibres are glued onto the light guides with 
their direction almost parallel to the light guide axis, the deviations from this are 
small, < 0.5°, and have a random direction. In the following calculations the fibre 
and the lightguide axis are approximated to be parallel. In the scintillation process 
the light is produced uniformly distributed in solid angle n, the light entering the 
light guide at a point on the top plane will thus be uniformly distributed in the 
23° cone. 
The above assumption about the angular light distribution from a fibre is based 
1 EPO-TEK 301-2 
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solely on considerations about the total internal reflection angle in the fibres and 
has some weak points. Strictly the arguments hold only for light produced at 
the fibre's axis where the light is trapped within a cone by total reflection. Light 
produced near the surface of the fibre may in fact travel down the fibre in a 
nearly helical path, with many bounces and still with total reflection, and come 
out of the fibre with any angle up to 90° [11]. One should thus expect an angular 
distribution that extends beyond 23°. But the fraction of this "high angle" light 
with a rather long path length in the fibre and with many reflections is reduced by 
attenuation and imperfections in the core/ cladding interface. Recent results on 
experimental measurements of fibre properties, published [16] when this work was 
almost finished, show in fact that the angular distribution is highly dependent on 
the light's travelling distance with a strong reduction at the highest angles as the 
distance increases. With a distance of ~40 cm, approximately the mean distance 
in the calorimeter, the results show a uniform distribution from 0 to ~ 30° and 
then a steep fall off reaching 0 at ~ 45°. The measurements of ref. [16] were done 
with the light entering air. For a medium with a refractive index nguide = 1.49 
the corresponding angles are ~ 19.5° and ~ 28°. This shows that the assumption 
of uniformity within a 23° cone corresponds rather good to reality. 
As the light "travels" down the light guide on its way to the diode it under-
goes several reflections and transmissions on the borders between the different 
materials. At each interface a fraction of the light will be lost, either transmitted 
out through the light guide's sidewall or reflected back at the bottom of the light 
guide or at the epoxy surface. The number of reflections and the different incident 
angles are clearly dependent on both the position and the direction of the light 
when it enters the light guide's top plane. The efficiency & of the light transport 
system, defined as the fraction of the light entering the light guide that reaches 
the diode, is thus also depending on these parameters and has values in the region 
0-1, 
& = &(r,</>,0,'P), (5.3) 
where ( r' </>) defines the position and ( 0' if!) the direction of the light at the top 
plane, see Figure 5.3. The angle 0 is restricted to the region 157-180° due to the 
internal reflection in the fibres, and the radius r is restricted by the diameter of 
the light guide's top plane. The angles if! and </> can take all values 0-360°. 
The function & is not an analytically defined function but rather defined by 
an algorithm where the light is represented by a straight line, a ray, and the 
light transport system by its surfaces and refractive indices. The flow diagram of 
Figure 5.5 shows how &(r,</>,0,'P) is calculated by tracing the light ray defined 
by ( r' </>, 0, if!) through the light guide, taking all reflections and transmissions 
into account. The algorithm starts with a light ray of strength 1.0 at position 
(r,</>) and direction (0,if!), calculates the point where the ray hits the surface, 
reflects or transmits the light using the formulae given in Section 5.1 updating 
the strength at each reflection/transmission. This procedure is repeated until the 
ray enters the diode or in some way escapes the light transport system. The 
efficiency & ( r, </>, 0, if!) is defined as the strength when the light ray enters the 
diode. The quantum efficiency of the diodes introduces only a constant scaling 
factor which is irrelevant for the calculations, the value 1.0 is thus used. 
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no! 
yes! 
c := 0 
Reflect ray: 
new (x, y, z, 0', <P') 
c := c · reflectance 
FUNCTION 
c(r, </>, 0, <P) 
Initiate c := I 
(r, </>, 0, <P) => (x, y, z, 0', <P') 
yes! 
Calculate crossing 
with guide wall 
41 
no! (bottom of guide) 
Transmit ray: 
new ( :e, y, z, 0', <I?') 
c := c· (I-reflectance) 
Extrapolate ray 
to diode level 
Transmit ray: 
c := C· (I-reflectance) 
RETURN 
Fig~e 5.5: Flow diagram for the calculation of the efficiency &(r, </J, 0, ~)of a 
light guide. 
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r=0.0 cm, cp= 0° r= 1.4 cm, cp= 0° 
r=0.4 cm, cp= 0° r=0.4 cm, cp=45° 
r=0.8 cm, cp= 0° r=0.8 cm, cp=45° 
Figure 5.6: The efficiency £(r,</>,0,IP) of a test light guide with top diameter 
3.2 cm at different incident positions (r, ef>). Each plot shows the efficiency £ as 
function of the direction (0, IP) at a fixed position (r, ef>). On the vertical axis the 
minimum value is 0 and the maximum value ~ 1. 
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Figure 5.6 shows the efficiency l'(r, </>, 0, <P) of a test light guide with top 
diameter 3.2 cm at different incident positions (r,</>). Each plot thus shows the 
efficiency £ as function of the direction ( 0, <P) at a fixed position ( r, </> ). It is clearly 
seen from the figure that the efficiency is strongly dependent on both position and 
direction. In addition it is a "badly" behaved function with very fast and even 
discontinuous transitions from high to low values. Each plot can be divided into 
three main regions depending on the value of the efficiency: 
1. At the top plateau £ ~ 1. All reflections at the light guide wall, if any, have 
an incident angle which is greater than the total internal reflection angle. 
The only loss is due to reflection at the bottom of the light guide and at the 
epoxy surface of the diode. 
2. At the bottom plateau e ~ O. At least one reflection at the light guide wall 
has an incident angle well below the internal reflection angle and the light 
is mainly transmitted out of the light guide. 
3. In the region between the top and the bottom plateau e makes fast transi-
tions between 1 and 0. At least one reflection at the light guide wall has an 
incident angle that lies in the region just below the total internal reflection 
angle, and all other reflections, if any, are total internal reflections. 
At all positions (r, </>), light which enters the guide nearly normal to the top 
plane, 0 ~ 180°, is contained in the region that gives £ ~ 1. This corresponds to 
light in the middle of the light cone defined by each fibre. Light at the rim of this 
cone has 0 just above 157°, and is thus in the region of e ~ 0. The actual shape 
of the transition region is strongly depending on the position. The very "torn up" 
appearance of the transition region is mainly a result of the square bottom end 
of the light guides as will be seen in Section 5.3 where the final light guides are 
discussed. 
Positional Efficiency 
The point or positional efficiency l'v of the light guide is defined by 




Jg'lr J; . sin 0 d0 d<P 
rrun 
(5.4) 
which then specifies the efficiency as function of incident position on the top plane 
taken the distribution of light direction into account. The angles are expressed 
in units of radians which give 0min = 15711" /180. The purpose of J dD. in the 
numerator is to normalize l'p to have values in the region 0-1. Since there is 
no analytical expression for the efficiency £, but rather an algorithm on how to 
find it, the actual integration has to be performed numerically. Many routines 
performing numerical integration are available, but only a few of them can cope 
with such "badly" behaved functions, giving reliable results. Quite a few routines 
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from the CERN Program Library (35] and the NAG Library [36] were tried and 
the NAG routine DOJGCF was found to give the best convergence properties and 
the most stable results. This routine uses the Korobov-Conroy number theoretic 
method, the very interested reader is referred to ref. (36] and references given 
therein. 
The actual integration for each position (r, </>)is time consuming, on an ND-
570 computer each integration needs between 2 and 4 cpu-minutes depending on 
the position. The further calculations make extensive use of Cp. In order to reduce 
time consumption to an acceptable level, Cp(r, </>) was calculated at points on a 
rectangular grid, and linear interpolations made on this grid. To perform the 
interpolation the CERN Program Library routine FINT [35] was used. 
The light guide has a geometry that is periodic in </> with a period of 90°. In 
addition, adjacent sectors of 45° are mirror images of each other. The positional 
efficiency Cp will have the same properties in these sectors and there is only need 
for calculating ep for¢ in the region 0-45°. Figure 5.7 shows ep as a function of 
r and </>in this region, and Figure 5.8 shows Cp as a function of r for three fixed 
angles </>. It is evident that Cp has a strong dependency of the position and that 
the value of Cp is in the region 0.24-0.33 with the lowest values at the border of 
the light guide. These variations can clearly give rise to the drop of the energy 
response at the element borders that was found in the test. 
The small variations of Cp along the border r = 0 in Figure 5. 7 give an in-
dication of the numerical error in the integration procedure since all points on 
this border map onto the centre of the light guide. The calculated values on this 
border have a standard deviation corresponding to 0.133, which is less than 0.43 
of the function's dynamic range. In the further use of this function it will be 
superposed on a shower function which will average out the influence of the errors 
giving an ignorable contribution to the total error. 
Before going any further in investigating what influence the positional effi-
ciency of the light guides has on the energy response of showers at different posi-
tions in the calorimeter, some other properties of the light guides are discussed. 
Total Efficiency of the Test Light Guides 
The total efficiency Ct of the light guide is defined by 
Ct = 
JJJ e(r, </>, e, ~) dn d:c dy 
JJJ dn d:c dy 
r 211" rrmax r 211" r11" C(r "' e ~) rsin e de d~ dr d"' Jo Jo Jo J0min , .,,, ' 'I' 
r 211" rrmax r 211" r7 • r sin e de d~ dr d"' JO Jo Jo J0mm 'I' 
(5.5) 
The Ct thus gives the fraction of light that reaches the diode when the entire 
top plane area of the light guide is uniformly illuminated, and is thus a measure 
of how "good" the light guide is. The normalization factor JJJ dO d:c dy ensures 
Ct to be in the region 0-1. Figure 5.9 shows Ct calculated for light guides with 
different values of the top diameter. The total efficiency is strongly dependent on 
the top diameter, and the test light guides had efficiencies in the region 25-503. 
The diameters of the light guides utilized are indicated in the figure. It will be 
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Figure 5.7: The positional efficiency Ep of the test light guide with an upper 
diameter of 3.2 cm calculated at a rectangular grid in (r,</>). 
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Figure 5.8: The positional efficiency Ep as. a function of r calculated at tree dif-
ferent angles ¢. (a) <P = 0°, (b) <P = 22°, ( c) <P = 45°. An upper light guide 
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Figure 5.9: The total efficiency et of the test light guide as a function of the light 
guide's upper diameter. 
shown in Section 5.3 that the light transport systems of the final design have a 
much higher efficiency. 
Positional Distribution of Light entering the Diode 
In the beginning of this chapter it was stated that light entering the light guide 
from one single fibre is distributed over a large area of the diode's surface, and 
this would then smear out inhomogeneities in the diode's quantum efficiency. 
Figure 5.10 shows the light intensity on the diode's surface when light enters the 
light guide at different positions ( r, </>). Each scatterplot is the result of sampling 
200 000 random directions ( e, <P) uniformly distributed in solid angle and calcu-
lating e(r,</>,0,<P) and the position (:c,y) where the ray hits the diode's surface. 
At each direction the hit position is filled into a scatterplot weighted by e. It is 
clearly seen from the figure that the light is distributed over a rather large fraction 
of the diode, even though the origin is a single point. A shower in the calorimeter 
will be distributed over several hundred fibres and the actual light distribution on 
each diode surface will be a superposition of many distributions. This will thus 
tend to smear out any inhomogeneities in the diode's quantum efficiency. 
5.2.2 The Effect of Ev(r, </>) on the Readout of Showers in the 
Calorimeter 
Since the efficiency ev(r, </>)undergoes rather strong and regular variations over 
the light guide's top plane, it will obviously influence the calorimeter's response 
to showers at different positions. To investigate this influence one has to simulate 
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Figure 5.10: Light intensity at different positions (:i:, y) on the diode's surface. 
Each scatterplot corresponds to light that enters the light guide at a single position 
( r, </>). The density of dots at a given position corresponds to the intensity of light 
reaching the diode at that position. An upper light guide diameter of 3.2 cm 1s 
used. 
The units on the plots are cm on both axes. 
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the showers and modulate the light intensity produced at various positions by the 
appropriate efficiency ep, a procedure that includes the following two parts: 
• How to perform the simulation 
• How to perform the mapping of calorimeter positions onto light guide posi-
tions ( r, </>) 
Simulation of Showers in the Calorimeter 
There are essentially two different approaches to this problem: 
• Detailed simulation of the shower using a Monte Carlo (MC) method. 
• Representing the "signal" initiated by the shower by an analytic density 
function € = €( :z:, y, z) and integrating this function over the calorimeter 
volume. 
For many problems a Monte Carlo simulation has to be used. In this special 
problem however, the details and advantages of the MC method are not necessary. 
To make a detailed simulation of the SAT is in fact rather time consuming, several 
cpu minutes on an ND-570 per 50 GeV shower, and several thousands such showers 
are needed. The latter method with 3-dimensional numerical integrals is also time 
consuming, but is in the order of a few seconds per event, and this method is thus 
used. 
The calorimeter response is given by 
S = j j j E(z,y,z)E(z,y,z)dzdydz, (5.6) 
where E(:z:, y, z) is the density function and E(:z:, y, z) is the efficiency at different 
positions in the calorimeter, e = O outside the calorimeter. The :z: and y-axes 
are parallel to the calorimeter's front plane and the z-axis is directed along the 
scintillating fibres. 
One difficulty immediately arises, the extraction of a good 3-dimensional den-
sity parametrisation Eis a difficult task. This problem was discussed in Chapter 3 
on page lOff where it was found that the density can be approximated by the 
product of independent longitudinal and transversal profiles, 
(5.7) 
where ( e, 1] 1 () are Cartesian coordinates relative to the shower axis, ( along the 
shower axis and e, 71 normal to it. With showers initiated by particles entering the 
calorimeter normal to its front plane, (e,77,() and (:z:,y,z) will be the same, but 
normally they will be rotated with respect to each other. In addition a further 
simplification is made by ignoring shower fluctuations using a density function 
averaged over several individual showers. In Chapter 3 it was also assumed that 
ET is radial, ET(e, 77) = ET(r), where r is the distance from the shower axis. 
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This yields 
s J J J €(e,TJ,()&(:c,y,z)ded1Jd( 
1
00 lo27r100 ET(r)EL(()&(:c, y, z) rdr de11 d( 
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~ 1Cmax 127r lrmax €T(r )€£(()&(:c, y, z) rdr de. d(. (5.8) 
The integration is here performed in the cylindrical shower coordinate system 
because this gives the best convergence properties, e. is the rotational angle around 
the (-axis. Since €is independent of 06 , the 06 dependency of the integrand is not 
explicit, but is contained in &(:c, y, z). The actual integration limits Tmax and (max 
must be set to contain nearly 100% of the shower, Tmax = 15 cm and (max = 40 cm 
is used. 
From Equation 3.7 we have, 
EAto:e-/3t 
' 
a e-r/b1 +a e-r/b2 1 2 I (5.9) 
where tis the depth in number of radiation lengths, t = (/ X 0 , and Ethe energy 
of the incident particle. 
The efficiency &(:c, y, z) can also be approximated to be a product of inde-
pendent parts, &(:c, y, z) = &T(:c, y)&L(z), where the transversal term is mainly 
due to &p(r, </>)of the light guides, and the longitudinal term is due to the light 
attenuation in the fibres, 
&T(:c, y) 1---t &v(r, </>) with zero outside calorimeter, 
{ 
e-(zmax-z)/..\att inside calorimeter 
0 outside calorimeter (5.10) 
where Aatt ~ 140 cm is the attenuation length of light in the fibres, see Chapter 4, 
and Zmax is the length of the calorimeter, Zmax - z is thus the distance which the 
light travels through the fibres. 
Mapping the Calorimeter Positions (:c, y, z) onto Light Guide Positions 
(r, </>) 
To get &T(:c, y), the correct mapping of the calorimeter coordinates to the light 
guide coordinates has to be found, ( :c, y) 1---t ( r, </>). The lead-scintillator sandwich 
of the SAT calorimeter is divided into approximately trapezoidal bars by collecting 
the fibres beyond the sandwich and leading them into one light transport system, 
as described in Chapter 2. The fibres from one element nearly fill up the top 
plane of the corresponding light guide. The positions on one element are in this 
way mapped onto the top plane of the circular light guide. The actual mapping 
is not exactly the same for every element because of small variations in how 
the fibres are bundled. Visual examination shows however that, on the average, 
positions on the border of an element map onto the rim of the circle, and the 
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Figure 5.11: The mapping of calorimeter positions (:e, y) of an element onto posi-
tions ( r, </>) on the corresponding light guide. The mapping of both "trapezoidal" 
and rectangular elements is illustrated. 
centre of an element maps onto the centre of the light guide as illustrated in 
Figure 5.11. To further simplify the geometry of the problem the cross section of 
the elements is approximated to be rectangular. Rectangles with approximately 
the same area as the element area are used. The dimensions of the rectangular 
elements used differ at maximum by ::::::1.9 mm from the real ones, this is ~ 6% 
of an element's extension or :::::: 15% of the radiation length X 0 • In calculations 
where the behaviour at a border or the average behaviour over an element is 
important, such small deviations from the real element shape can be ignored. If 
more elaborate analysis are to be done, for instance by Monte Carlo simulations, 
the actual element shape should be used. The mapping of the rectangle onto a 
circle is also illustrated in Figure 5.11. 
The resulting eT(:e, y) of element 7 is shown in Figure 5.12a, the other elements 
show similar behaviour. Figure 5.12b shows the calorimeter response S to 50 GeV 
electrons as a function of the entering position in the same element, the electrons 
enter the calorimeter with an angle of 100 milliradians with respect to the z-axis. 
One can clearly see how the rather big fluctuations of eT(:e, y) are smeared out 
by the shower. 
5.2.3 Comparison of simulated and experimental Results 
In Section 4.3.4 the two different series of runs that revealed the positional re-
sponse dependency were discussed. Simulations as explained above are made 
comparing the results with the experimental data. 
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Response to 50 GeV electrons 
51 
Figure 5.12: (a) The transversal calorimeter efficiency eT(:c, y) calculated at po-
sitions in element 7, and (b) The calorimeter response S to 50 Ge V electrons as 
function of the electron's entering position in element 7. All electrons enter the 
calorimeter with an angle of 100 milliradians with respect to the fibres. 
The units on the plots are cm on both axes. 
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Horizontal Scan with 35 Ge V Electrons 
Figure 4.12 showed the results of a "horizontal" scan of the third element row, 
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Figure 5.13: Simulated and experimental data for horizontal scan of the third 
element row. Calorimeter response as function of horizontal position. Position is 
given in "normalized" coordinates with 0 at the centre of element number 7 and 
±2 at the centres of element 3 and 11. See also Figure 4.12. 
theoretical point is the mean value of the response of 500 simulated events of 
35 Ge V and with an angle of 94 milliradians with respect to the fibre axis. The 
events are distributed over an 'JJ-y area corresponding to the scintillator used to 
define the beam in the test, 0.47 cm horizontally and 1.5 cm vertically. On the 
'JJ-axis "normalized" coordinates are used with 0 at the centre of the element and 
±1.0 at the border between two elements. The "horizontal" error bars in the 
experimental data indicate the size of the scintillator. The statistical errors in 
both measured and simulated response are smaller than the point size. Both 
simulated and experimental data show a drop in the response of ::::::53 at the 
element borders. 
Different Vertical Positions near a Vertical Border 
Figure 4.13 on page 33 showed that even small, ::::::0.5 cm, vertical displacements 
of the beam gave variations in the response of 2-33 when the beam was directed 
towards a vertical element border. Simulations were made with the same beam 
conditions as with the test data, see page 32 for a description. A small effect of 
::::::13 was found which is much less than the 2-33 found in the experimental data. 
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Conclusion 
There is good agreement between simulated and experimental data, particularly 
comparing data from the horizontal scan. The variations in the light guide's effi-
ciency e( r, </>),as function of the fibre's position on the top plane, can thus explain 
most of the observed positional variation of the calorimeter's energy response. It 
is thus worthwhile to investigate the light guides of the final design with the same 
method. This is done in Section 5.3. 
5.2.4 The Light Guides' Contribution to the Energy Resoiution 
O'E/ E 
As discussed in the beginning of this chapter and in Chapter 3 the positional 
variation in the energy response can give a considerable contribution to the energy 
resolution o-E/ E of the calorimeter. To investigate this in more detail, electron 
showers of different energies and angles with respect to the fibres were simulated, 
and with impact positions distributed over different sized areas. 
Impact Point defined by the Test Beam's Trigger Scintillator 
When the energy resolution of the test module was determined in Chapter 4, 
the impact points were spread over an area defined by the trigger scintillator 
extending 15 mm vertically and 4. 7 mm horizontally. Simulations were made with 
similar beam conditions at different angles and energies at the center of element 
number 6, 1000 events at each set of conditions. The mean value, S, and the 
standard deviation, o-s, of the response were calculated. The contribution to the 
energy resolution due to the light guides is thus given by o-s / S, and the results 
are shown in Figure 5.14 with the angular limits of the calorimeter indicated. 
The angular dependency is clear and rather strong, the data also show an energy 
dependency which is nonsystematic. The contribution is thus mainly to the energy 
independent term c of Equation 4.5, and adds to o-E/ E as shown in Chapter 3. 
Impact Point distributed over an Element 
In order to get an estimate of the total contribution to O'E / E simulations were 
made with impact points distributed over the entire front surface of a test module 
element. At each energy and angle 1000 events with a random position uniformly 
distributed over element number 7 were simulated, and us/ S calculated. 
Table 5.1 contains the results of this simulations with angles chosen to cover 
the angular region of the calorimeter. This shows that us/ S is in the region 
1.9-2.3% depending on the angle of incidence, and that the effect of the energy is 
negligible. The overall energy resolution of the calorimeter will thus be dominated 
by the contribution from the light guides at energies above ~30 Ge V. In Section 5.3 
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Figure 5.14: Contribution from the light guides to the test module's energy res-
olution at different energies as function of the impact angle. Each datapoint is 
calculated from 1000 simulated events distributed over an area defined by the test 
trigger scintillator centered at element number 6. Vertical dashed lines indicate 
the calorimeter's angular limits. See also Figures 3.6 and 4.9. 
Table 5.1: Contribution (us/ S) to the energy resolution from the test light guides. 
Results from simulations. 
Beam Angle No. of Mean Standard 
energy with events value deviation 
fibres s <rs us/S 
(Ge VJ [millirad.] [arb. units] [arb. units] [3] 
50 1000 0.3373 0.0078 2.3 
30 100 1000 0.3368 0.0068 2.0 
150 1000 0.3364 0.0062 1.9 
50 1000 0.5665 0.0131 2.3 
50 100 1000 0.5661 0.0113 2.0 
150 1000 0.5651 0.0105 1.9 
50 1000 0.7966 0.0184 2.3 
70 100 1000 0.7957 0.0155 2.0 
150 1000 0.7948 0.0146 1.8 
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5.3 The conical Light Guides of the final Design 
In the final design of the SAT calorimeter the photodiodes have a circular active 
area of 1 cm2 and the geometry of the light guides is thus simplified since they are 
made conical with a circular cross section at any point. The other main difference 
from the test setup, is that the diodes are coupled to the light guides with a 
circular silicon pad 1.3 mm thick and with refractive index n8n = 1.41. This gives 
a better optical coupling to the diodes. Because of the difference in size of the 
calorimeter elements, the light guides are produced in four different diameters of 
the top plane, 2.5, 2.8, 3.06 and 3.26 cm. They have all a length of 10 cm and 
a diameter of the bottom plane of 1.13 cm. The coordinate system used is the 
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Figure 5.15: The reflectance Ras function of the incident angle 81 at the interface 
between the light guide, nguide = 1.49, and air, nnir = 1.0, between the light guide 
and silicon, nsn = 1.41, and between silicon and epoxy, nepoxy = 1.564. 
a function of the incident angle ei at the different interfaces of the light transport 
system. 
5.3.1 Simulating the conical Light Guides 
The simulation of the conical light guides is performed in mainly the same way as 
described for the test light guide, see in Figure 5.5 page 41. The only differences 
are a simpler geometry and the silicon pad replacing the air gap. 
Figure 5.16 shows the efficiency l'(r, ¢, e, ~)of a conical light guide with top 
diameter 3.26 cm. Each plot shows l' as a function of direction (E>, ~)at different 
positions ( r, <P = 0°), plots for other angles <P will, because of the symmetry of the 
light guides, have the same shape only displaced in ~. Other top diameters than 
3.26 cm give similar l'. 
Comparing Figure 5.16 with Figure 5.6 on page 42, one notices that the conical 
light guides give a "nicer" l'(r, ¢, e, ~),although it is still a rather "badly" be-
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r= 0.0 cm, <p=0° r=0.233 cm, <p=0° 
r=0.466 cm, <p=0° r=0.699 cm, <p=0° 
r=0.931 cm, <p=0° r= 1.164 cm, <p=0° 
Figure 5.16: The efficiency &(r, t/>, 0, ~)of a conical light guide with top diameter 
3.26 cm at different incident positions ( r, t/> = 0°). Each plot shows the efficiency 
e as function of the direction ( 0, ~) at that fixed position. On the vertical axis 
the minimum value is 0 and the maximum value ~ 1. 
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haved function. This is most clearly seen in the centre of the light guide, r = 0 cm 
and </> = 0°, where e is independent of~ with the conical light guides and is highly 
dependent on ~ with the test light guides. 
The Positional Efficiency 
For reasons of symmetry the positional efficiency eP of a conical light guide, defined 
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Figure 5.17: The positional efficiency eP of the conical light guide as function of 
the radius r. Curves for all the four different light guides are given. 
for all the light guides utilized. It is evident that eP depends rather strongly on 
both r and the diameter of the light guide's top plane. In the further use of ep a 
linear interpolation between the computed points in Figure 5.17 is used. 
Total Efficiency of the conical Light Guides 
The total efficiency et of a light guide was defined in Equation 5.5. It will here 
be discussed how different parameters influence et for the conical light guides. 
In Figure 5.18 et is plotted as function of the top diameter of the light guide. 
For comparison the conical light guides coupled to the diodes through air are 
also simulated, airgaps of 1.3 and 0.3 mm are used, and the results shown in the 
figure. The dependency on the top diameter is clear, with highest efficiency at 
the smallest diameter, decreasing monotonically for higher diameters. The light 
guides used in the final SAT calorimeter, indicated in the figure, have et in the 
region 50-803. The effect of the silicon pad is to increase et by a factor two. 
To investigate the effect of the refractive index of the optical coupling in more 
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Figure 5.18: Total efficiency of the conical light guides as function of the diameter 
of the light guide's top plane. The calculations are done with the guides coupled 
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Figure 5.19: Total efficiency of the conical light guides as function of the refractive 
index of the optical coupling. The calculations are done with upper diameters 
equal to those used at the calorimeter. 
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at n ~ 1.7 falling rather rapidly off towards n = 1, air, and more slowly at higher 
n. The refractive index of the silicon pad is just below the maximum value, and 
is indicated in the figure. At normal incidence, impedance matching predicts an 
optimum value n = y'nguidenepoxy ~ vl2.33 ~ 1.53, a value that lies below the 
optimum value found from the calculations. This is mainly due to the fact that the 
light is not incident normal to the interface but has a rather wide angular spread, 
and that a higher refractive index gives a smaller angle of refraction, reducing the 
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Figure 5.20: Total efficiency of the conical light guides as function of the length 
of the light guide. The calculations are done with upper diameters equal to those 
used at the calorimeter. 
Another important parameter is the length of the light guide. Due to restricted 
space, we had to use light guides with a length of 10 cm. Figure 5.20 shows et as 
function of the length. One sees that et has a maximum for lengths in the region 
7-12 cm depending on the top diameter, falling rapidly off for shorter lengths. At 
higher lengths the reduction of et is very slow. Our light guides of 10 cm lie in 
the upper end of the maximum region, as indicated on the figure. 
Angular and positional Distribution of Light entering the Diode. 
The scatterplot of Figure 5.21a shows the distribution of the angle of incidence of 
light hitting the bottom plane of the light guide as function of the fibre's position 
on the light guide's top plane. The position is given as the radial distance from 
the top plane's centre. The light guide used had an upper diameter of 3.26 cm 
and the others give similar results. At small radii the angle of incidence falls into 
distinct bands, depending on the number of reflections which the light has been 
through at the light guide's side wall, the band just above 0° corresponds to light 
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Figure 5.21: Angular and positional intensity distribution of light entering the 
diode. The abscissa is the position of the fibre on the top plane given as the 
radial distance from the light guide's centre. The ordinates are: 
(a) The light's incident angle at bottom of light guide. 
(b) .The light's incident angle at bottom of silicon pad. 
( c) Radial distance from diode centre. 
All scatterplots are calculated for a light guide with an upper diameter of 3.26 cm. 
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that has no reflections, the band at~ 20° is light with one reflection and so on. At 
larger radii, for light entering the light guide near the edge, the path through the 
light guide is more complicated giving rise to a greater variety of incident angles 
at the bottom of the light guide. The total internal reflection angle Be ~ 71° of 
the interface is indicated in the figure. All light with an angle of incidence above 
this will be reflected back towards the top of the light guide and is lost. An airgap 
used as coupling yields Be ~ 42°, also indicated, resulting in a much higher loss, 
in agreement with Figure 5.18. Figure 5.21b shows the angular distribution when 
the light has traveled through the silicon pad and enters the epoxy of the diode. 
The differences that can be observed, compared to Figure 5.21a, are loss of light 
at high angles due to total reflection and an angular displacement of the high 
intensity bands due to refraction in the silicon. 
Figure 5.21c shows the radial intensity distribution at the diode as function 
of the fibre's position on the light guide's top plane. With fibres positioned near 
the light guide's centre the light is spread almost uniformly over the diode. Light 
entering the light guide near the edge hits, on the other hand, the diode mainly 
near its edge. A quantum efficiency of the diode that is radially dependent will 
thus introduce an extra radial dependency to &p; there are, however, no indications 
of this. 
5.3.2 The Effect of £p(r, </>) on the Readout of Showers in the 
Calorimeter 
As discussed in Section 5.2 the variations of &p(r, </>) of the test light guides in-
troduce rather strong position dependent variations in the calorimeters efficiency 
&(x,y,z), and hence in the response defined by Equation 5.6. Figure 5.17 on 
page 57 indicates that these variations are smaller with the conical light guides. 
In this section this is discussed, estimating the contributions e ( x' y, z) gives to 
the energy resolution O'E/ E of the final SAT calorimeter. 
The same procedures for simulation and mapping of calorimeter coordinates 
onto the light guides that was described in Section 5.2 are used. This gives an 
efficiency &T(x, y) over an element as shown in Figure 5.22 for light guides with 
an upper diameter of 2.5 and 3.26 cm. Figure 5.23 shows the response to 50 Ge V 
electrons at incident positions on the two same elements, all electrons enter the 
calorimeter at an angle of 50 milliradians. Comparing these two figures with 
Figure 5.12 one sees that the variations are smaller with the final light guides. 
The Light Guides' Contribution to the Energy Resolution O'E/ E 
In order to get an estimate of the contribution from &p(r, </>)to the energy resolu-
tion simulations are made of electrons of different energies and different incident 
angles using all the four types of light guides. The angles 50, 100 and 150 millira-
dians are chosen to cover the angular region of the SAT in the DELPHI detector. 
For each set of conditions 1000 events were simulated with random positions 
uniformly distributed over the element. The mean value, S, and the standard 
deviation, <rs, were calculated, and the contribution to O'E/ E defined as O's/ S. 
The results are given in Table 5.2, and show that <rs/Sis in the region 0.5-1.43 
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Figure 5.22: The transversal calorimeter efficiency ET(:l!, y) over the surface of two 
different elements with light guides of an upper diameter of 2.5 and 3.26 cm. 































Lightguide of 3.26 cm ¢ 
Figure 5.23: The calorimeter response S to 50 GeV electrons as function of the 
electron's entering position in two different elements with an upper light guide 
diameter of 2.5 and 3.26 cm. All electrons enter the calorimeter with an angle of 
50 milliradians with respect to the fibres. 
The units on the plots are cm on both axes. 
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with a mean value of ::::::0.83. The 2.80 cm light guide gives much higher values 
than the others indicating that this light guide has the largest variations in the 
positional efficiency, as can be seen in Figure 5.17. 
Table 5.2: Contribution us/ S to the energy resolution from the conical light 
guides. Calculations for light guides of different upper diameter. Each sample 
consist of 1000 simulated events. 
Beam Angle Contribution to energy resolution 
energy us/ S [3] 
[Ge VJ [millirad.J 2.50 cm 0 2.80 cm 0 3.06 cm 0 3.26 cm 0 
50 0.85 1.42 0.89 0.57 
30 100 0.75 1.16 0.75 0.51 
150 0.70 1.04 0.70 0.49 
50 0.87 1.44 0.90 0.59 
50 100 0.74 1.20 0.76 0.52 
150 0.69 1.06 0.69 0.49 
50 0.84 1.43 0.88 0.56 
70 100 0.75 1.13 0.75 0.53 
150 0.72 1.04 0.72 0.54 
5.3.3 Comparing simulated and experimental Results 
In order to monitor the individual elements of the calorimeter a system using 
light flash from a xenon lamp has been developed (37], in which each calorimeter 
element is illuminated at the front end by the flashing light. The light goes 
through the fibres, enters the light guides and the diodes and gives a signal that 
is digitized and recorded. 
From test of this system 1000 such "events" have been recorded for each ele-
ment and the mean value of the signal calculated. In one half barrel of 144 ele-
ments, 36 light guides of each size were utilized. The response of each light guide 
type was taken as the mean value of the corresponding 36 recorded responses. 
Corrections were applied to minimize the influence of different amplifications in 
the electronic chains. The illuminated area was circular with a diameter of 2 cm, 
and centred on the element's surface. The expected response to such an illu-
mination was simulated. Both experimental and simulated data are plotted in 
Figure 5.24. The simulated data are normalized as an efficiency in the region 
0-1. The experimental data points are scaled by a constant factor to minimize x2 
between experimental and simulated data. 
The experimental and simulated data agree fairly well on a clear dependency 
on the diameter of the light guides, but the simulated data show a steeper fall off 
for higher diameters. This deviation can be real, but it can also be due to unknown 
systematic effects of the monitoring system, such as a non uniform illumination 
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Figure 5.24: Simulated and experimental data for the efficiency of the conical 
light guides. Experimental data points are ADC-readouts from the SAT monitor-
ing system, scaled with a constant factor to minimize x2 when compared to the 
simulated data. 
of the circular area, a different angular distribution of the light than used in the 
calculations etc .. 
5.4 Conclusions 
In this chapter a method used to simulate the light transport system in 'the SAT 
calorimeter has been described. Simulations of light guides used at an electron 
beam test showed very good agreement with experimental data, and the observed 
positional variation in the respons of the calorimeter could be explained by vari-
ations in the light guide efficiency. Similar simulations of the final light transport 
system, using conical light guides and circular diodes, showed much smaller vari-
ations. These variations can be reduced by applying corrections to the response 
using information of the impact position of the particle. 
For the final light transport system the comparisons of simulated data with 
experimental data made so far, show a fairly good agreement. It has not been 
possible, mainly due to lack of time and of test possibilities at CERN, to make 
further experimental tests. 
Chapter 6 
Some Final Remarks 
" Experience seems to most of us to lead to conclusions, 
but empiricism has sworn never to draw them." 
- George Santayana, 
Character and Opinion in the United States (1921). 
In Chapters 3, 4 and 5 the performance of the SAT calorimeter was anal-
ysed and a good agreement was found between the experimental observations in 
Chapter 4 and the more theoretical calculations of Chapters 3 and 5. 
DELPHI and SAT have now been operating since August -89 and the first 
physics results made available [2] (see Appendix B). In [2] it is pointed out that 
the SAT is an invaluable tool for the important luminosity monitoring. 
The calculations of the conical light guides seem so far to agree well with the 
experimental results, and the results of this work are used in the rather difficult 
procedure of calibrating the various readout elements of the calorimeter. As men-
tioned in Chapter 4 this calibration is a nontrivial task and at the same time vital 
in reaching an optimal energy resolution. Much effort will therefore be put into 
improving on the calibration in the near future. 
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Appendix A 
SAT Test Report 
This appendix contains a copy of the report "The SAT Calorimeter of the DEL-
P III Experiment at LEP; Results of a Module Test", Scientific/Technical report 
No. 215, Dept. of Physics UiB (1989) (to appear in Nuclear Instruments and 
Methods in Physics Research). This is a modified version of the report DELPHI 
89-26 CAL 65, 22 March 1989. 
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Abstract 
The construction of ari electromagnetic calorimeter using scintillating 
plastic fibres and lead plates is described. The calorimeter is part of the 
Small Angle Tagger of the DELPHI experiment at the LEP collider, record-
ing high energy electrons, positrons and photons. Results from a test of a 
module of similar construction are presented. The module was found to have 
a linear energy response when exposed to electrons of 10-70 GeV, with an 
energy resolution given by o'f E[%] = Vl.162 + (11.4/JE[GeV])2 • 




The Small Angle Tagger (SAT) electromagnetic calorimeter of the DELPHI ex-
periment has been built for the purpose of detecting high energy electrons and 
photons produced at small angles in e+ e- collisions at the Large Electron Positron 
(LEP) Storage Ring at CERN. 
The SAT calorimeter utilizes lead as passive medium and scintillating optical 
fibres [1) to detect the electromagnetic showers initiated by incident photons and 
electrons. The scintillating fibres and the lead comprise a sandwich construction 
with the fibres essentially oriented parallel to the incident particle direction [2); 
this makes the detector a pioneer device of its kind. 
The full SAT calorimeter consists of two identical cylindrical barrels posi-
tioned with their front ends at distances 232.5 cm from the LEP beam collision 
point. The two calorimeters cover the small angle regions close to the beam pipe, 
corresponding to polar angles in the range 44-140 milliradians. 
The main purpose of the SAT is luminosity monitoring using elastic scattering 
e+ e- --+ e+ e- reactions (Bhabha scattering). The SAT will be able to handle a 
high rate of events, at energies up to 100 GeV in each arm for LEP phase II. 
To study the performance of the SAT calorimeter a test module was built and 
exposed to electron beams up to 70 Ge V under geometrical conditions similar to 
those in a real situation running DELPHI at LEP. 
This note gives a brief description of the calorimeter and discusses some results 
obtained with the test module. 
A detailed description of the full SAT calorimeter is given in ref.[3). 
2 The SAT Calorimeter 
2.1 The Scintillating Fibres 
The scintillating fibres manufactured [4a] for the SAT are made of polystyrene, 
and doped with 1% butyl PBD and 0.02% dimethyl POPOP by weight (type 
SlOl), and have the following characteristics: 
• diameter 1.00 ± 0.06 mm, 
• scintillating efficiency giving more than 4 photoelectrons per minimum ion-
izing particle at a distance 1.2 m from the photomultiplier, 
• attenuation length > 1.0 m at a wavelength 430 nm, corresponding to the 
emission spectrum maximum, 
• refractive indices of fibre core and cladding giving a critical angle 23° and a 
trapping efficiency of 4%. 
The fibres were delivered [4b] glued onto 8 cm wide sheets with 80 fibres placed 
next to each other in lengths of about 110 cm. 
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2.2 The Calorimeter Body 
The sensitive volume of the calorimeter is composed of 40 cm long cylindrical 
shells of alternating layers of lead and scintillating fibres oriented parallel to the 
cylinder axis, starting at an inner radius of 10 cm and ending at 34.5 cm. 
Sheets with fibres were cut in appropriate lengths and glued to lead plates of 
similar dimensions by the use of doublesided adhesive tape. The lead plates have 
a thickness 0.9 mm, making the total thickness of one layer of lead, tape, and 
fibre in the sandwich equal to 2.0 mm; the fibre/lead layer structure can be seen 
from Figure 3. 
The sandwich was built into an aluminium barrel housing to make it rigid. 
Each barrel was made in two parts, each part covering close to 180° azimuthal 
angle, making it possible to mount the barrel around the LEP beam pipe. 
The calorimeter body of each halfbarrel is divided into 12 angular sectors, 
each of which is further divided into 12 elements. Each of the 144 elements in a 
halfbarrel is equipped with its own readout channel (see below). The segmentation 
34Smm 
Figure 1: End view of a SAT calorimeter halfbarrel; the test module is indicated 
by the hatched area. 
of a halfbarrel is shown in Figure 1. The radial segmentation is 3 cm wide, except 
for the two outermost rings, which are 3.2 and 3.3 cm, respectively. 
The radiation length X0 of the fibre/lead layer construction is direction depen-
dent. Monte Carlo simulations with GEANT3 [5] give X0 in the range 1.2-1.4 cm, 
at small angles with respect to the fibre direction [6], in agreement with the ex-
perimental results. 
The length of the sensitive calorimeter volume is thus at least 28 X 0 . 
2.3 The Light Collection and Detection 
At the end of the calorimeter body the fibres extend 8 cm beyond the sandwich 
and are bundled together for each element. Depending on the size of the element, 
a bundle contains 450 to 800 fibres. 
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The scintillation light collected by the bundles is led into 100 mm long conical 
lightguides. The lightguides are glued onto the fibre bundles. The transmitted 
scintillation light is subsequently converted to electrical signals by photodiodes. 
The lightsensing diodes used [7] for the calorimeter have a circular active area 
of 1 cm2 , and are coupled to the lightguides by silicon pads. The mean light 
collection efficiency is about 70% [6). The diodes are made of a high resistivity 
material, have a dark current of 2-10 nA at room temperatures, and are tuned 
to give a quantum efficiency of greater than 80% at the peak of the emission 
spectrum of the scintillator. The diodes are operated fully depleted at 30 V. 
Lead and fibres 
Photodlode, 
fibre bundle Llghtgulde preamplifier 
and cable D ~ PQJ 
I. ~400 -=_~L 80 J_ 100 _l 64 J 
Figure 2: SAT calorimeter element with fibre bundle, lightguide, photodiode and 
connected electronic chain; distances are given in mm. 
Figure 2 shows a top view of a calorimeter element with fibre bundle, light-
guide, photodiode and preamplifier. 
2.4 The Electronics and Readout System 
The same preamplifier as used by the FEMC group [8] of the DELPHI collabora-
tion was adopted. This preamplifier is commercially available as a single channel 
hybrid [9]. 
The mean equivalent noise measured in the electronic chain is in the region 
of 300-500 electrons increasing to 700-800 electrons with the diode connected. 
The noise is strongly temperature dependent, and can be reduced by appropriate 
cooling of the system. 
The signals from the preamplifiers are shaped and digitized with a sa.inple-
and-hold technique using the same type FASTBUS cards as FEMC, including the 
buffers for the output data. These data are then available for the general DELPHI 
readout system. 
3 An Experimental Test 
3.1 The Test Module 
A calorimeter module was built and tested in 1987. The module corresponds to 
a 45° sector of the four innermost element rings of a full SAT calorimeter barrel 
extending from an inner radius of 10 cm to an outer radius of 22 cm, as indicated 
in Figure 1. 
Figure 3 shows an end view of the module displaying the layer structure with 
the element numbering referred to below. 
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Figure 3: End view of the test module showing fibre/lead layer structure and ele-
ment numbering. The checkered pattern was obtained by illuminating alternating 
lightguides. 
Each of the 12 elements was equipped with a lightguide, a light sensitive 
photodiode, and a separate electronic readout chain consisting of preamplifier, 
shaper and ADC. The readout system was of a preliminary design. 
The lightguides, of a circular cross-section at the fibre end, were shaped to fit 
the 1 cm2 quadratic active area of the test diodes at the other end. The light-
guides were coupled to the diodes through airgaps of 0.3 mm, giving a mean light 
collection efficiency of about 303 [6]. 
The 12 readout devices were found to have relative amplifications differing by 
about 253. This has been compensated for in the offiine analysis. 
3.2 Experimental Setup 
The module was tested in the X7 beam in the West Area at CERN. Figure 4 
shows the module and its equipment for the test. 
The module was placed on a horizontal table equipped with remote steering 
of the vertical and horizontal positioning, to a precision of 0.1 mm. In addition, 
the module could be tilted with respect to the beam direction, to obtain similar 
conditions as expected for Bhabha events in the DELPHI experiment. 
The path of the beam particles into the test module was defined by means 
of two sets of multiwire proportional chambers placed 14 m apart; these were 
included in the trigger, together with a scintillator placed 43 cm downstream of 
the second MWPC, 9 cm in front of the module. This scintillator had a vertical 
extension of 15.0 mm and a horizontal extension of 4.7 mm, defining the spatial 
dimension of the beams incident on the module front end. 
The online data acquisition and monitoring was performed by means of a 
Norsk Data ND-570 computer. For the triggered events, relevant information 
from the SPS and the MWPCs was recorded on tape together with the channel 
numbers from the 12 ADCs. 
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Figure 4: The test module with equipment. 
3.3 Results and Discussion 
The module was exposed to electron beams of 6 different energies in the range 
10-70 GeV, incident at different angles and centered at different positions on the 
module front end. The angle 0 between the incident particles and the fibre layer 
structure could be fixed between 0 and 144 milliradians. 
From the distribution of the deflection angle through the SPS beam bending 
magnets the spread around the nominal beam momentum value was determined 
for the accepted events; the values obtained for up/Pare given in Table 1. 
To obtain the energy response, the 12 digitized signals from the module were 
added after pedestal subtraction and appropriate corrections for the relative mag-
nitude of the electronic amplifications. Figure 5 shows typical response distribu-
Table 1: Energy response and resolution. 
Beam Beam No. of Mean Standard Energy 
energy spread events value deviation resolution 
[Ge VJ Up/P [%) in fit [arb. units] [arb. units] u/ E [%] 
10 0.90 3033 244 17 3.8 
15 0.82 4130 393 19 3.1 
20 0.76 4709 551 22 2.9 
35 0.74 5456- 1024 28 2.2 
50 0.72 4189 1511 35 1.9 
70 0.71 14441 2167 45 1.8 
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Figure 5: Response of the test module for electron beams of different energies. All 
beams were directed towards the centre of element 6, at an angle 144 milliradians 
with respect to the fibre layers. The histograms are normalized to 1000 events. 
tions obtained for electrons from beams of different energy. The distributions are 
normalized to have the same integral. 
Table 1 contains the results, mean value and standard deviation, from Gaus-
sian fits to the observed response distributions for all available energies. In the 
fits all events within 3 standard deviations of the peak value were included. All 
runs summarized in the table had the beam directed to the middle of element 6 
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Figure 6: Energy response as function of energy with a straight line fit. The data 
are the mean values and the standard deviations from Table 1. 
Figure 6 shows the response in arbitrary units, as a function of the beam energy. 
The full line is a fit of the function 
response= aE + b. (1) 
With the energy in units of GeV, the fit gives a = 32.1 ± 0.2 and b = -88 ± 7. 
The data show very good linearity up to highest energies. The slope corresponds 
to the creation in the diode of approximately 2200 electron-hole pairs per incident 
8 
GeV. The offset at the origin, b = -88, corresponds to an energy equivalent of 
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Figure 7: Energy resolution as function of energy. 
Figure 7 shows the energy resolution o-/ E plotted as a function of beam energy. 
Electronic noise and beam momentum spread have been unfolded, and 88 units, 
corresponding to the fitted offset value, have been added to the energy response 
at each point. The full line is a fit of the function 
o-/ E = Jc2 + (d/VE)2. (2) 
With the energy in units of GeV and the resolution in%, the fit gives c = 1.16 ± 
0.05 and d = 11.4 ± 0.24. 
Angular Variation of the Energy Resolution 
The energy resolution is expected to depend on the angle 8. This is mainly due 
to the following effects: 
• Because of attenuation of the light propagated in the fibres the light collec-
tion efficiency varies with the longitudinal position. 
• Particles entering at small B will have larger fluctuations in the starting 
position of the developing shower as well as in its longitudinal shape. 
Figure 8 shows measured values of o-/ E as function of 8 at the two energies 
35 and 50 GeV. The curves are results of calculations which take into account the 
effects described above and also a contribution due to nonuniform efficiencies of 
the lightguides [6]. As can be seen, these calculations are in good agreement with 
the measured values. 
If Equation 2 is fitted to data measured at different angles, it is found that the 
parameter d is unaffected, while the parameter c has a clear angular dependence. 
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Figure 8: The energy resolution as function of the inclination angle B. Data from 
35 and 50 GeV beams are used. The curves are results of calculations [6]. 
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Figure 9: Scatterplot and projections of contributions from elements 6 and 7 for 
electron beams of energy 35 GeV incident at 100 milliradians; 
(a) Beam impact at centre of element 6. 
(b) Beam impact 0.47 cm below centre of element 6. 
The data are the ADC channel numbers after pedestal subtraction but without 
correction for electronic efficiencies. 
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Positional Variation of the Energy Response 
The results described so far were obtained for beains directed towards the centre 
of element 6. 
The response was found to be only slightly dependent on small variations of 
the beam impact around the centre of element 6, as expected for showers fully 
contained in the module. However, the partition of the electron energy between 
the different elements is rather sensitive to the impact position. 
Figures 9 a,b show the signals observed from the incidence element 6 and the 
above-lying element 7, for two similar runs in which the central beam position 
differed by 0.47 cm in the vertical direction. The signals from the two adjacent 
elements are negatively correlated and account for about 96% of the total response. 
As can be seen, a lower beam impact position implies that most of the energy is 
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Figure 10: Contributions from elements 6 and 7 for the run of Figure 9 a for 
events with accompanying single hits in different horizontal wires in the nearest 
MWPC; the separation between consecutive wires is 4 mm. 
also seen from Figure 10, where the signals from the two elements are shown for 
three different selections of events with single horizontal wire hits in the nearest 
MWPC; the separation between consecutive wire numbers is 0.4 cm. 
From Figure 9 a one may deduce that positions can be determined with an 
accuracy in the vertical (i.e. radial) direction of about 0.3 mm for impacts near 
the centre of an element. 
To investigate the energy response as a function of a varying impact position 
in the horizontal direction, a series of runs was performed, in which the beam was 
centred on different points along the face of the third element row. The response 
was found to vary over the element, with the largest response for incidence at the 
centre. At the border between two elements, the response is reduced to about 
95% of the maximum obtained for incidence at the center. 
Detailed studies of the light transport in the lightguides show that the ob-
served spatial variation of the energy response can be explained by variations in 
the efficiency of the lightguides, depending on the pattern of positions of the indi-
vidual fibres in the bundle at the surface of the lightguide [6]. The above type of 
variations gives an energy independent contribution to the energy resolution <T / E 
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of,..., 2.33. This contribution is reduced to 0.5-1% by an improved design of the 
light guides used in the final SAT calorimeter. The contribution can, however, be 
further reduced using information on the particle impact point. From the distri-
bution of energy deposition in adjacent elements, the impact point on the module 
front can be reconstructed to a precision of better than 1 mm. For the final SAT 
calorimeter, the precision of the point reconstruction, as compared to that of the 
test module, will depend on several factors. For example, the segmentation accu-
racy is less, and the light collection uniformity better for the full calorimeter than 
for the test module. 
For electrons, the position information from the silicon track planes [10] in 
front of the calorimeter will improve the resolution. 
4 Conclusions 
The SAT calorimeter is a compact detector which will measure the energy of high 
energy electrons and photons with excellent linearity and good resolution. It is 
essential for the registration of Bhabha events and luminosity determination for 
the DELPHI experiment [11], and is expected to provide valuable information on 
photons in the GeV region for this experiment. 
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1. INTRODUCTION 
The newly commissioned Large Electron Positron Collider (LEP) has devoted its first physics 
run of three weeks to an energy scan in a narrow interval around the expected mass of the Z0 • 
relying on the recently published results on the Z0 mass by the CDF [1] and Mark II [2] Collabo-
rations. This report will present the results obtained by the DELPHI Collaboration on the mul-
ti-hadronic annihilation cross-section at seven collision energies. 
Since this was an early stage in the commissioning of the DELPHI detector, the analysis has 
been concentrated on a few components which were operational before the start of the energy 
scan. The amount of data recorded was limited by the efficiency of the data acquisition system 
which was not completely commissioned by the time of the scan. 
The data were normalised to the Bhabha rates at small scattering angles. From these mea-
surements, the mass and width of the Z0 peak were obtained. 
2.APPARATUS 
A detailed description of the complete DELPHI detector is published elsewhere [3]. Only 
those features relevant for the present analysis are summarised below (see Figure 1.): 
• The INNER DETECTOR is a cylindrical drift chamber (inner radius = 12 cm, outer radius = 
22 cm) covering polar angles between 29° and 151°. A jet-chamber section providing 24 r<f> 
coordinates is surrounded by 5 layers providing rrjJ and longitudinal coordinates. 
• The TIME PROJECTION CHAMBER (TPC) is a cylinder with 28 cm inner and 122 cm outer 
radius and a length of 2.7 m. For polar angles between 22° and 158° at least 4 space points 
are available for track reconstruction, while for angles between 39° and 141° up to 16 space 
points can be used. 
• The OUTER DETECTOR has five layers of drift cells at a radius between 192 and 208 cm 
and covers a polar angle from 50° to 130°. All layers provide precise r<f> coordinates. and 
three of them in addition provide crude but fast longitudinal information. 
• The HIGH DENSITY PROJECTION CHAMBER (HPC) measures electromagnetic energy with 
high granularity over polar angles from 40° to 140°. For fast triggering, a scintillator layer is 
inserted behind the first five radiation lengths. The light signals are carried by optical fibres 
to the outside of the iron yoke. 
• The SUPERCONDUCTING SOLENOID had been commissioned during the pilot run at its 
nominal field of 1.2 T. After a normal run down, just before the physics period, a fault 
occured and the field could no more be raised to its nominal value. As there was no time 
for detailed investigations. a reduced field of 0.7 T was chosen to guarantee stable condi-
tion during the energy scan. This entailed recalibration of many detector parameters. 
• The TIME OF FLIGHT (TOF) system is composed of a single layer of 172 counters surround-
ing the solenoid, and covering jcos 01 < 0.75. 
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Figure 1: The DELPHI Detector. 1:Vertex Detector (Si-strips), 2:1nner Drift Cham-
ber (ID), 3:Time Projection Chamber (TPC), 4, 13:Ring Imaging Cherenkov 
Counter (RICH), 5:0uter Drift Chamber (OD), 6, 12, 15:Electromagnetic 
Calorimeters (High Density Projection C_hamber HPC; Luminosity Monitor 
SAT; Lead-Glass Counters (FEMC), ?:Superconducting Solenoid, 
8, 17:Scintillators, 9:Hadron Calorimeters, 10, 16:Muon Counters, 
11, 14:Forward Drift Chambers. 
• The ELECTROMAGNETIC CALORIMETER in the endcaps (FEMC) consists or 2 x 4500 lead 
glass blocks (granularity = 1° x 1°) with phototriode read-out, covering polar angles from 
10° to 35.5° and from 144.5° to 170°. 
• The SMALL ANGLE TAGGER CALORIMETERS (SAT) cover polar angles rrom 43 to 125 
mrad. They are composed or alternating layers or lead sheets - concentric with the beam 
axis - and scintillating fibres running parallel to the beam. The light is collected behind the 
calorimeter and measured by photodiodes. The inner four rings or read-out elements have 
an azimuthal segmentation or 15°, the outer four rings 7.5°. A small dead region, 2 cm 
wide, appears at the vertical junction or the two half-cylinders. A lead ring was added to 
the electron arm, to improve the precision or the acceptance cul. The ring Is ten radiation 
lengths thick and covers 2/3 or the Innermost SAT ring, with a conical outer surface point-
ing to the vertex. 
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3. TRIGGER 
Our trigger on hadronic events was based on the HPC and TOF scintillation counters. The 
individual counters were arranged in two groups of four quadrants placed symmetrically on both 
sides of the crossing point. The HPC counters were sensitive to electromagnetic showers with an 
energy ;;::.: 2 GeV while the TOF counters were sensitive to minimum ionizing particles penetrating 
the electromagnetic calorimeter and the coil. The following subtriggers were formed : 
1. coincidences of back-to-back TOF sectors 
2. majority ~ 3 TOF sectors 
3. majority~ 2 HPC sectors 
4. coincidence of any TOF with any HPC sector. 
The final trigger was the OR of these subtriggers. In addition, a trigger was used for several 
runs which was formed by a coincidence of the inner and outer tracking detectors. _This enabled 
us to measure the efficiency of the above subtriggers from the data. by recording the trigger pat-
tern event by event For hadronic Z0 events with a sphericily axis between 50° and 130° the fol-
lowing efficiencies were obtained: 
TOF triggers alone, (1 +2) 
HPC trigger alone. (3) 






To enhance the number of Z0 events recorded, a forward trigger based on the FEMC with a 
threshold of about 3 GeV, which had low efficiency for detection of single hadrons, was added. 
The contribution of this trigger is included in the global detection efficiency evaluated as 
described below (section 5). 
All types of events have been recorded with the same trigger- and data acquisition system in 
order to ensure equal live limes for Z0 - and Bhabha-events. 
4. LUMINOSITY MEASUREMENT 
The trigger for luminosity events is based on analog sums of 24 channels arranged in 24 
overlapping sectors of 30° per endcap. The trigger requires a simple forward-backward coinci-
dence of energy depositions above 10 GeV. Due to the overlapping geometry, the trigger efficien-
cy is believed to be (98 ± 2)% away from the dead regions and in the energy range specified for 
the luminosity measurement. 
The geometric acceptance for the luminosity measurement was defined by the outer radii of 
the calorimeters, the outer radius of the lead mask in front of the electron calorimeter, and the 
requirement that the azimuth of reconstructed showers be away from the dead regions. 
In order to reduce backgrounds to the 1% level, the following cuts were applied. Recon-
structed showers, defined by clusters of four or more neighbouring read-out elements with ener-
gy deposition above 0.5 GeV, were required to be coplanar within 8°. The showers were also 
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DELPHI luminosity Data. The ordinate shows the energy deposited (In 
GeV) In the positron arm and lhe abscissa lhat deposiled In the electron 
arm. a) shows dala and b) shows Monie Ccirlo simulaled dala. 
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mask to define the inner radius of the acceptance region, it was required that the energy fraction 
in ring 1 be less than 0.90. This guarantees that the electron has entered the calorimeter above 
the mask and not from below. The data remaining after these cuts are seen in the two dimen-
sional energy plot shown in Figure 2. 
The peak of the Bhabha scattering signal is well separated from the background of random 
coincidences of off-momentum electrons. The tail of the distribution at lower energies in the 
electron arm (E2) is caused by electron showers which penetrated the lead mask and is well 
reproduced by the Monte Carlo simulation as shown in Figure 2. The last cut to define the lumi-
nosity sample is the requirement that at least 75% of the beam energy was observed in both 
endcaps (see broken lines in Figure 2). This results in a luminosity sample of 1681 events dis-
tributed among the 7 beam energy points as shown in Table 1. 
-------·------------- ------------------, 
Table 1: DELPHI Z0 Scan with Hadrons 
Collision Nh NL um fnteg. L Cross-
Energy [nb- 1] Section[nb] 
89.27 89 305 9.2 11.3 ± 1.3 
90.27 79 152 4.7 19.5 ± 2.7 
91.02 94 97 3.1 35.6 ± 5.1 
91.27 598 654 21.0 33.3 ± 1.9 
92.26 72 109 3.6 23.4 ± 3.5 
92.52 41 86 2.9 16.6 ± 3.1 
93.27 93 278 9.4 11.6 ± 1.4 
Total 1066 1681 53.9 
----------·------
The effective cross-section for the luminosity events was evaluated by a detector simulation 
of Bhabha scattering events generated to first order in a [ 4). The simulation of interactions with 
the beam pipe and lead mask and the response of the detector was performed with the GEANT 
package [5]. The cross-section derived in this way is 33.0 ± 0.8 nb for .Js = 91 GeV. The theo-
retical uncertainty in the cross-section is due to the absence of higher-order terms in the event 
generator, uncerlainfy in the calculation of vacuum polarisation and Monte Carlo statistics. Back-
grounds from other physics processes are negligible. 
From the measured number of events and the calculated effective cross-section, the integrat-
ed luminosity for the data-laking periods al each energy was derived, as shown in Table 1. The 
measured number of events have been corrected by 6% to lake account of the trigger efficiency, 
the losses due to geometrical misalignment and vertex position, and selection efficiency. The 
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Thus an overall systematic error on luminosity of 5% has been assumed. The systematic 
errors in the selection crileria, background, and trigger efficiency are mostly due to uncertainty in 
the calibration of the read-out elements, which will certainly improve when the statistical sample 
of Bhabha events is greater. 
5. HADRONIC EVENT SELECTION 
For the selection of hadronic z0 decays only charged tracks measured by the TPC and fulfili-
ing the following criteria were used: 
• 20° < 0 < 1601) 
• 0.1 GeV < p < 50 GeV 
• track length > 30 cm 
• relative momentum error < 100% 
• projection of the impact parameter on the xy plane < 4 cm 
• z coordinate of track origin < ± 10 cm. 
At least 3 charged tracks were required in one hemisphere and the sum of the Pr2 of all the 
tracks in this hemisphere had to be larger than 2 GeV2 • With the present magnetic field of 0.7 T, 
the average momentum resolution obtained from the TPC information alone is 6p/p ~ 1.3 x 10- 2 
p (GeV/c). From analysis of the data in a z range outside the interaction region. the contribution 
from beam gas events was estimated to be about 0.2%. The 2-photon contribution was evaluated 
by Monte Carlo [6] and found to be negligible ( < 5 pb). The T T background was estimated from 
the data and theoretically to be about 1 % and was subtracted from the data. 
All events with at least one charged track were visually scanned and no discrepancy with 
the selection criterion was found. Comparing data and Monte Carlo events for all kinematic vari-
ables relevant for this analysis we found good agreement in all distributions. As an example, Fig-
ure 3a) shows the sphericity distribution. 
The measured cos 0 s distribution of the sphericity axis (Fig. 3b) was used to obtain the total 
efficiency. A (1 + cos2 Os) behaviour was assumed to extrapolate beyond the region 0 < cos 05 
< 0.05 (where the efficiency is ~ 100%) to the remainder of the full solid angle. By comparing 
the expected total number of z0 with the number actually found, the overall efficiency to trigger 
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Spheridty distributions. a) Shows the spherlcity distribution for all the 
hadronic Z0 events compared with a histogram produced by Monte Carlo 
simulation. b) Shows the measured cosOs distribution of the sphericily 
axis and the fitted (1 + cos 10s) distribution used to extrapolate to the for-
ward direction. · 
At each energy the cross section for hadronlc events was obtained from the relation ah = 
Nh I Lr. where L is the integrated luminosity and r. Is the total efficiency. The observed number of 
events N11 and the corresponding cross sections are listed in Table 1 where the quoted errors are 
only statistical. The systematic uncertainties on L and r. which were given above, imply a system-
atic error on the measured cross sections of'.::::: 6%. 
The mass and width of the Z0 were obtained by filling the following theoretical expression 
[7], given by the Standard Model. to the data: 
(1) 
The first term in eq. (1) describes the Z0 line shape by an Improved Born approximation with 
an energy dependent width. Radiative corre(':tions are Included in the Function F where soft pho-
ton emission Is computed with the usual exponentiation procedure. QCD corrections are applied 
lo the hadronic partial width r h' The continuum cross section is represented by the small term 
a>'. The interference term as well as higher order corrections were calculated assuming mt = 90 
GeV and are absorbed in the function F as discussed in reference [7]. Fits to the expressions 
Mass and width of lhe Z0 -particle page 9 
derived by (8] give the same results. 
A three-parameter flt was performed by leaving free an overall normalization factor R in 
addition to the mass Mand the width r of the Z0 • The result of this fit is M = 91.06 ± 0.09 GeV, r 
= 2.42 ± 0.21 and R = 1.03 ± 0.14 with x2 = 3.1. The determination of the Z0 mass is affected 
by an additional systematic error of± 0.045 GeV due lo uncertainties in the absolute calibration 
of the machine energy (9]. A systematic error of 6% on the absolute value of the cross section 
implies a systematic error on the Z0 width of!:'.:! 0.09 GeV. 
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The measured Z0 peak. The data and the fit are described in the text. 
A two parameter fit with the Z0 mass and the number or light neutrino species N lert free 
v 
gives: M = 91.06 ± 0.09, Nv = 2.4 ± 0.4 with x2 = 3.2. A possible overall normalisation error of 
± 6% would shirt the value of Nv by± 0.5. 
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The limited statistics of the present measurement together with the sizeable systemalic error 
on the cross-section gives only loose boundaries on the number of light neutrino species. How-
ever, the result of the fit shows that the data agree well with the predictions or the Standard Mod-
el with only three neutrino species. In fact, a fit where all the parameters except the mass of the 
Z0 are nxed by the Standard Model gives M = 91.13 ± 0.10 GeV with x2 = 4.1. 
These results compare well with the values of the Z0 mass and width published in the litera-
ture from the pioneering hadron collider experiments at CERN [10), (11 ]. the more recent hadron 
collider measurements at Fermilab [1] as well as from the Mark II experiment at SLC (2). 
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